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ABSTRACT
Influence of Nozzle Pressure, Standoff Distance, and Reinforcing Steel Cage on
Water Jetting of CIDH Pile Anomalies
Matthew Jason Schaffer
The effectiveness of removing anomalous material from cast-in-drilled-hole (CIDH) piles
by water jetting was examined. The primary objectives of this research were to examine
how reinforcing steel influences water jetting and to evaluate how jetting pressures and
standoff distance from the material surface affect water jetting of concrete type materials
and PVC tubing. The experimental work consisted of water blasting submerged test
specimens using rotary jets, nozzles, pumping equipment, and testing procedures
currently used in construction practice. The concrete test specimens were comprised of
ring- and cylinder-shaped samples, containing materials with compressive strengths of
approximately 160 and 3,600 psi. Typical PVC tubing used as inspection access holes
for non-destructive testing in CIDH piles was utilized for tubing specimens. During
testing, erosion depths were measured as a function of standoff distance and jetting
pressure. Water jetted specimens containing reinforcing steel were cut apart after testing
to permit inspection of the erosion cavity and eroded material surfaces behind the steel
reinforcement. Reinforcing steel bars in CIDH piles do interfere with the jet path and
will locally influence material erosion and water-jetting effectiveness. For a relatively
weak material, water-jetting pressures between 10,000 and 11,000 psi produced erosion
up to a radial distance of approximately 12 inches from the water jet. This erosion
distance is less than half the typical maximum design spacing of PVC inspection access
tubing installed in CIDH piles.
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CHAPTER 1: WATER JETTING OF CIDH PILES

1.1 Introduction
Cast-in-drilled-hole (CIDH) piles are structural elements designed by engineers as
foundational support for bridges and a multitude of civil engineering projects. Often,
these foundation elements support large loads and are constructed in unfavorable
conditions (i.e. below the groundwater table), which requires borehole stabilization
during drilling. The contractor may use steel casings and/or drilling slurries to establish
borehole stability for these conditions. However, anomalous material may still intrude
the pile during concrete placement, potentially compromising pile integrity and
performance.

After CIDH pile construction under adverse conditions, integrity testing, which evaluates
a pile’s concrete density, is often employed. When integrity testing discovers lowdensity anomalous material, the anomaly extent and location is noted. The engineer then
determines whether the anomaly will inhibit the pile’s designed capacity. When
determined to compromise performance, an anomaly may be repaired or a suitable design
alternative employed.

If repair of the anomaly is chosen, the method will typically first involve a removal phase
followed by a grouting phase to fill the void where the anomaly existed. Current repair
procedures are based primarily on contractor experience; however, investigations have
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shown these procedures not to be as efficient at removing anomalous material (Liebich
and Bonala, 2007). As a result, evaluating the effectiveness and efficiency of these repair
methods is important.

The lead agency on freeway projects in California is the California Department of
Transportation (Caltrans). Because bridges for freeway systems are often designed with
CIDH piles as the foundational support, Caltrans has initiated a research project to
investigate anomaly repair procedures. The initial phase of the project is designed to
evaluate the use of water jets for removal of anomalous material from CIDH piles.

A former Cal Poly San Luis Obispo student, Joseph Heavin, with assistance from
Caltrans, Case Pacific (a drilled shaft contractor), faculty advisors, and students
conducted laboratory research on water jetting. Heavin (2010) conclusions are discussed
in this thesis. Heavin’s research provided data pertaining to the erosion characteristics of
various materials with a water jet. However, his experiments did not investigate the
effectiveness of water jetting anomalous material behind the steel reinforcement in a
CIDH pile.

Most CIDH piles support applied loads due to skin friction between the exterior surface
and surrounding earthen material. However, as Skeen and Liebich (2004) indicate, a
substantial number of anomalies develop outside the reinforced steel cage along the edge
of a pile. Earth can slough from the borehole sidewalls and become trapped against the
reinforcing steel cage. In addition, concrete flows radially outward from the tremie and
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through the reinforcing steel cage during a pour. Clogging at the cage can cause
anomalous material to be trapped outside the reinforcement along the pile perimeter.
Because water jetting of anomalous material occurs from inspection tubes attached to the
inside of the steel reinforcing cage within the pile core, it is important to understand how
effective water jetting is at removing anomalous material behind the steel reinforcement
toward the outside of a pile.

1.2 Purpose of this Study
The primary goal of this research was to further investigate the efficiency of water jetting
as a means for removing anomalous materials from within CIDH piles. The research
builds upon previous water-jetting experiments to help in the development of a practice
“standard” and to establish confidence in repairing pile anomalies. The specific
objectives of this study were to:


Evaluate the effectiveness of water jetting anomalous material behind the steel
reinforcement in a CIDH pile cage;



Evaluate the effectiveness of water jetting concrete type materials and PVC
tubing at varying nozzle pressures and distances from the material surface;
and



Provide supplemental data to complement previously acquired water-jetting
results describing the erosion characteristics of anomalous materials and
structurally sound concrete.
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1.3 Report Organization
This report is organized into four main sections: background information, experimental
tests and methods, experimental results and analysis, and conclusions. The final section
of the report also includes recommendations for further research.

The background section describes CIDH pile anomalies and discusses previous
experimental research pertaining to the removal of anomalous materials from within
CIDH piles. The general procedure for CIDH pile structural design, reinforcement
specifications, concrete material specifications, and inspection tube specifications, as well
as current standard procedures for water jetting pile anomalies is summarized.

The experimental testing section describes the two primary tests used in the study. These
tests are referred to as reinforcing steel tests and cylindrical sample tests. The design and
layout established for each test is described and the testing procedure and method of
measurement and post testing evaluation are detailed. An additional test performed to
assess the erosion characteristics of PVC tubing is discussed at the end of Chapter 3.

Chapter 4 discusses the experimental results. First, erosion results, which correlate to
previously conducted research by Heavin (2010), are compared and summarized. Results
and discussion of the primary tests are detailed by providing observations, raw data and
graphical results, and analyses. Lastly, in Chapter 5, this research is summarized,
conclusions are provided, and recommendations for future experiments are mentioned.
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CHAPTER 2: BACKGROUND AND LITERATURE REVIEW

2.1 Anomaly Definition, Creation, Location, and Detection
Heavin (2010) provides an in-depth discussion of what an anomaly is, how an anomaly is
created, where an anomaly can be located, how an anomaly is identified, and how an
anomaly can be repaired. Heavin also provides prior information regarding water jets as
a material removal device. Furthermore, he identifies types of water jets utilized in
CIDH pile jetting applications. The following is a brief overview of some of his
discussion. Please refer to Heavin (2010) for a more complete review.

An anomaly is material found within a CIDH pile that is not originally part of the pile
design. Anomalies can potentially harm the integrity of the pile and may exist as a
variety of materials. If an anomaly is present, it may encompass the entire pile crosssection. However, anomalies are more commonly thin bands or irregular shaped pockets
within the shaft. Some common anomalous materials include clay, sand, partially
cemented sand, slurry-mixed concrete, gravel, grout, weak concrete, and matrix material
(Liebich and Bonala, 2007). Not all anomalous materials within a pile are necessarily
repaired. A zone of anomalous material is classified as a “defect” (requiring repair) when
determined to affect the pile’s performance (Liebich, 2002; O’Neill and Reese, 1999).
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Anomalous material within a CIDH pile can result from numerous situations. O’Neill
(2005) categorized causes for anomalous material creation in CIDH piles as follows:


General construction problems:
Inadequately directing concrete down center of shaft during free fall
concrete placement;
Insufficient curing time for a recently concreted shaft before
excavating an additional borehole nearby; and
Improperly addressing accumulated water within a borehole before
concrete placement.



Drilling problems:
Sloughing of soil;
Intrusion of surface material; and
Left over material in bottom of borehole.



Casing management problems:
Removing casing after concrete has cured; and
Maintaining insufficient concrete or slurry head during casing
removal.



Slurry management problems:
Incorrectly maintaining material entrained in the slurry in suspension;
Improperly weighting of slurry; and
Inadequately mixing slurry.
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Design Deficiencies:
−

Designing a shafts with too small of a diameter; and

−

Designing a shaft without a permanent casing or liner when placed in
areas of groundwater flowing horizontally above 1 foot per second.

Zones of anomalous material within a CIDH pile may occur within a pile’s core (inside
the reinforcing cage), within a pile’s cover portion (outside the reinforcing cage), or a
combination of both. Additionally, anomalies may form above or below the groundwater
table. Anomalies developing in a pile’s core can inhibit a pile’s ability to transfer load to
its base (toe) as well as its ability to resist moments. Piles with anomalies in the cover
portion may experience a reduction in skin friction and reinforcement exposure to the
elements surrounding the pile. When reinforcement is exposed, corrosion of the steel can
result.

A variety of procedures detect anomalous material (O’Neill and Reese, 1999). Methods
such as gamma-gamma logging (GGL) and cross-hole sonic logging (CSL) fall under the
category of non-destructive evaluation (NDE), while others such as forced vibration and
pile coring are not necessarily non-destructive (Caltrans, 2008b; O’Neil and Reese,
1999). Currently Caltrans only requires GGL testing for NDE, as detailed in California
Test 233 (Caltrans, 2005). However, Caltrans will also utilize CSL testing to
complement GGL testing results by verifying the extent of the anomaly found. GGL
testing establishes concrete integrity for a 3-inch radius around the perimeter of an
inspection access tube, while CSL evaluates the integrity of the pile’s core across an
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entire cross-section (Caltrans, 2008b; Skeen and Liebich, 2004). Section 2.3 of this
report discusses inspection access tubes and the structural design of CIDH piles.

2.2 Previous CIDH Pile Water-Jetting Experimental Research of Anomalous
Material
As previously noted, Heavin (2010) established erosion characteristics of various
materials while utilizing a typical water jet used for the removal of anomalous material
within a CIDH pile. Heavin sought to establish a “standardized” jetting procedure by
obtaining empirical correlations between the removal of common anomalous materials
and water-jetting characteristics.

Heavin’s research focused on controlled laboratory testing of material samples so that
quantitative and qualitative relationships could be ascertained for water-jetting
effectiveness. The following sections discuss experimental equipment, sample materials,
and testing procedures utilized by Heavin (2010), which served as the foundation for the
experimental research conducted as part of this study. Conclusions of Heavin (2010) are
summarized.

2.2.1 Experimental Equipment and Sample Materials
Heavin (2010) utilized three different sample designs. He initially used ring sample and
full-scale sample designs. Following the first sequence of tests, Heavin abandoned the
full-scale sample design and modified the ring sample design (Heavin, 2010). Changes
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resulted in an 18-inch high ring sample design that was used in the remainder of his
research experiments, as described below.

Heavin designed small ring-shaped sample molds for his experiments. The sample
design enabled controlled water-jetting test conditions, periodic measurements of
material erosion, submersion of the material samples under water, and easy breakdown
for post-testing inspection. For safety reasons, the samples were oversized to prevent
blowout of the high-pressure water jets during testing. His samples were easy to
construct, test, and various parts could be reused during future tests. The typical ring
sample mold developed by Heavin is shown in Figure 2.1.
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(a) Elevation View

(b) Plan View
Figure 2.1 Typical Ring Sample Mold Utilized by Heavin (2010)
The main components of the ring samples included:


A 4-foot square plywood baseboard (corners dogged) with a 3-foot diameter
plywood baseboard attached on top in the center of the square baseboard;



A 1.5-foot tall and 3-foot diameter Sonotube® concrete form fastened to the
plywood baseboards;
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Four steel angle brackets attaching the Sonotube® to the plywood baseboards;
and



An inner 6- or 12-inch diameter cardboard tube centered in the middle of the
bottom baseboards.

Heavin tested samples containing ten different material types. He selected the ten types
of materials to evaluate the influence of material type, grain size, and compressive
strength on water-jetting effectiveness. The material types are summarized in Table 2.1.
Table 2.1 Summary of Ten Material Types
Utilized in Heavin (2010)
Maximum
Actual Test Date
Aggregate Design Compressive
Aggregate Size Angularity
Strength
Compressive Strength
(inch)
(psi)
(psi)

Test
Series

Material
Description

SCM-02

Semi-Cemented

0.375

Angular

500

440

SCM-03

Semi-Cemented

0.375

Angular

1250

2,160

CON-01

Concrete

1

Angular

1000

3910

CON-02

Concrete

1

Angular

2000

4500

CON-03

Concrete

1

Angular

4000

5790

CON-04

Concrete

1

Angular

1500

655

CON-05

Concrete

1

Rounded

1500

2120

SMX-01 Slurry-Mixed Concrete

1

Angular

1250

1850

0.125

---

1250

1900

CLY-01 Bentonite-Cement Mix

<0.002 mm

---

10

5

CLY-02 Bentonite-Cement Mix

<0.002 mm

---

10

9

GRT-01

Sand-Cement Grout

In order to submerge the samples and represent typical groundwater conditions, Heavin
built water tubs using two layers of 10-foot square, 6-mil black polyethylene sheeting and
a 24-inch tall square wood frame. To build a tub, the sheeting was laid under the sample,
the wood frame was positioned around the sample, and then the plastic was held over the
top of the wood frame by screwing two by fours down onto the top of the wood frame.
Figure 2.2 shows a completed tub surrounding a test sample.
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Figure 2.2 Square Water Tub with Test Sample
Utilized by Heavin (2010)
Water jetting of the material samples was performed with the Stoneage® Gopher GO-M9
water jet utilized by Case Pacific Company of Paso Robles, California, who volunteered
their construction yard, water-jetting equipment, and operators for the experiments. The
self-rotating water jet contains 0.035-inch top and 0.038-inch bottom AP2 tips (Heavin,
2010). The water-jet apparatus setup for Heavin’s research, shown in Figure 2.3,
consisted of a water jet attached to the end of a 7-inch nipple, which attached to a
centralizer connected below a pressure gage screwed to the end of a high-pressure hose.
The hose in turn, came from a diesel water pump (Jetstream® X3620), which was
utilized to provide the high-pressure water during jetting.
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Hose Attaching
to Diesel
Water Pump
Centralizer
Pressure
Gauge

7-Inch
Nipple
Water Jet

Figure 2.3 Water-Jet Apparatus Setup Utilized by Heavin
To position the water jet in the ring samples, Heavin designed the cover plate and cyclic
testing device shown in Figure 2.4. A key design feature allowed for the water jet to be
held stationary or to be cycled up and down during water jetting. A “collar assembly”
was affixed to the water jet for this purpose, as noted in Figure 2.4.
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Figure 2.4 Cover Plate and Cyclic Testing Device Utilized in Ring
Sample Tests (Heavin, 2010)
The cover plate, shown in Figure 2.5, was a 39-inch square steel plate (corners dogged)
with a 14-inch diameter hole cut in the middle. The cover plate attached to the top of the
ring samples with four large setscrews. One setscrew was located on each of four steel
plates welded perpendicular to the bottom of the cover plate and aligned with the four
corners of the cover plate. Four large bolts were welded to the top of the cover plate and
served to mount the jet collar device in the central location of the cover plate. These
bolts and the 14-inch hole in the cover plate enabled the removal of the cyclic testing
device between testing intervals (discussed later) and erosion measurements recorded
without lifting the heavy cover plate off the sample between each testing interval. Five
washers (about 0.14 inches thick) were placed on each bolt before mounting the cyclic
testing device on the bolts. This created a 2-inch clearance area for material to wash out
between the cover plate and bottom plate of the jet collar. Lastly, two handles made out
of rebar were welded to the cover plate to aid in lifting and moving.
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Figure 2.5 Cover Plate Utilized in Ring Sample Tests (Heavin, 2010)
The jet collar assembly, shown in Figure 2.6, was comprised of a bottom base plate, top
plate, collar assembly, and four guideposts. The bottom base plate contained four holes
for aligning and attaching the jet collar assembly to the cover plate. The guideposts
permitted the collar assembly with attached water-jet apparatus to move vertically up and
down 6 inches.

Figure 2.6 Jet Collar Assembly used during the Ring
Sample Tests (Heavin, 2010)
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To cycle the collar assembly up and down the guideposts, a tripod was positioned above
the sample and a rope was fed through a pulley at the top of the tripod. A carabineer was
attached to the robe’s end and connected to additional ropes secured around the collar of
the collar assembly. The tripod was held in position with sand bags on each leg. The
complete testing setup is shown in Figure 2.7.

Tripod, Pulley,
and Rope
Hose

Pressure
Gauge
Cover Plate
and Cyclic
Testing Device

Square Water
Tub

Figure 2.7 Complete Ring Sample Testing
Setup (Heavin, 2010)
During most tests, the water jet was cycled up and down, producing an approximate
6-inch high cavity. To measure the average level of erosion within the cavity, three
vertical measuring points were selected. Erosion measurements were recorded at these
points for six different locations (three cross-sectional lines) around the perimeter of a
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ring sample. A total of 18 erosion measurements were noted between each testing
interval. The measurement locations are shown in Figures 2.8 and 2.9.

Figure 2.8 Plan View of Ring Sample and Measurement
Cross-Sections (Heavin, 2010)

Figure 2.9 Elevation View of Ring Sample and Measurement
Locations (Heavin, 2010)
To ensure the measuring points at the different perimeter locations were consistent, a
template (steel bar with holes) was used. The template is shown in Figure 2.10. To
record the erosion measurements, the template was held flush with the non-eroded
sections above and below the cavity in the ring sample. A steel probe was inserted
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through the holes of the template until contacting the eroded surface. The depth the steel
probe protruded past the template into the cavity was recorded as the erosion depth.

Drilled
Holes

Figure 2.10 12-inch Ring Sample Showing Erosion
and Measuring Template (Heavin, 2010)

2.2.2 Testing Procedures
As mentioned, Heavin (2010) utilized a full-scale sample and a ring sample design. The
full-scale sample design was abandoned and its testing protocols do not apply to this
study. Two testing protocols (stationary and cyclic) were utilized for the ring samples.
The stationary procedure consisted of holding the water jet vertically fixed during jetting
while the cyclic procedure consisted of vertically cycling the jet up and down during
testing.

The cyclic procedure pertains to this research and will be summarized in the

following paragraphs.

Prior to water jetting a ring sample, the inner cardboard ring was removed and inside
diameters of the inspection hole were measured. The cover plate was then centered on
the sample and secured in place. After aligning and bolting the collar assembly to the
cover plate, the water jet was adjusted to the proper height of 3 ¾ inches off the bottom
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of the sample. Additionally, the water jet was fixed in a perpendicular position with the
cover plate. The four guideposts were greased to permit smooth vertical movement of
the water-jetting apparatus, and the tub surrounding the sample was filled with water.
Submersible pumps were positioned in the tub and used to remove excess water during
testing.

The diesel water pump was turned on and pressurized to a target pressure of
approximately 10,000 psi. The water jet typically operated for 30 seconds during which
the collar assembly was raised and lowered at a rate of about 12 cycles per minute. The
gauge pressure above the water jet was also recorded. At the end of 30 seconds, jetting
was stopped, the cyclic testing device was lifted off the cover plate, and water was
pumped out of the center of the ring sample. Erosion depths were measured. Then, the
sample was re-submerged, and the testing process was repeated. This process was
repeated for multiple jetting intervals, with a typical measuring schedule that included
times of 60, 120, 240, 480, and 960 seconds. Once minimal erosion was observed
between jetting intervals, jetting of the sample was determined complete. The jetting
assembly and tub were then moved to the next sample to be tested.

2.2.3 Conclusions and Findings
Heavin’s water-jetting research of anomalous material provided important findings. The
following is a summary of his primary conclusions.

19

The tests conducted by Heavin concluded that as jetting exposure time increased, the rate
of erosion decreased. This logarithmic trend of higher initial erosion decreasing with
jetting exposure time is shown in Figure 2.11 for one of the cyclically (water jet cycled
up and down) tested ring samples. This trend was found to be similar for all other
cyclically tested samples.
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Figure 2.11 Average Erosion Distance Versus Jetting Exposure Time for 6-Inch
Inside Diameter Ring Sample with CON-04 Material (Heavin, 2010)
Heavin’s tests also clarified that less material is eroded when the water jet is at a greater
distance from the material surface, which is due to jet stream degradation through the
water. Figure 2.12 shows the erosion trend lines for two samples with the same type of
material, but with one sample having a 6-inch initial inside diameter and the other having
a 12-inch initial inside diameter. Every sample tested with both 6- and 12-inch initial
inside diameters were found to follow this trend.
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Figure 2.12 Average Erosion Distance Versus Total Jetting Time for the 6- and 12-Inch
Inside Diameter Ring Samples with SCM-02 Material (Heavin, 2010)
Heavin further concluded that the rate and total distance of erosion are not highly
influenced by particle angularity or size. Heavin found that the unconfined compressive
strength (UCS) of the material primarily influenced water-jetting effectiveness and
erosion levels. Figure 2.13 displays four distinctly different materials with comparable
UCS’s ranging from 1,850 to 2,160 psi and maximum aggregate sizes varying from sand
grain size to 1 inch. Figure 2.14 shows two additional samples with similar UCS
materials and a maximum aggregate size of 3/8 inch for the SCM-02 sample and 1 inch
for the CON-04 sample. As shown in the graphs, similar trends of erosion result even
though sample aggregates varied widely. The trend lines in both graphs display steep
initial slopes, which flatten over time and end with similar total average erosion
distances. At 35 minutes of jetting exposure, the trend lines for CON-04 and SCM-02
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have less than 15 percent variation. The SCM-02 with the smaller aggregate eroded only
approximately 15 percent more than the CON-04 with the larger aggregate.
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Figure 2.13 Average Erosion Distance Versus Total Jetting Time for Four
Samples with Similar Unconfined Compressive Strength but Varying
Type and Size of Aggregate (Heavin, 2010)
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Figure 2.14 Average Erosion Distance Versus Total Jetting Time for the 6-Inch
Inside Diameter Samples with CON-04 and SCM-02 Material (Heavin, 2010)
Figure 2.15 additionally details how the material UCS affects erosion distance.
Figure 2.15 exemplifies how erosion distances varied for four samples with similar
aggregate size and angularity but differing UCS values. The lower the material UCS, the
greater the erosion distance. Furthermore, the general trend of less erosion distance with
increased UCS is shown in Figures 2.16 and 2.17. The figures are plots of the
average/effective cavity diameter (illustrated in Figure 2.9) as a function of UCS for the
6- and 12-inch inside diameter ring samples. Samples with similar UCS material show
similar depths of erosion, even though the material compositions are widely different.
Ultimately, Heavin (2010) clarifies that aggregate size and binder both control a
material’s compressive strength, but that water-jetting erosion appears to be controlled by
binder strength and not the aggregate size.
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Figure 2.15 Average Erosion Distance Versus Total Jetting Time for Four Samples of
Material with Similar Aggregate Size and Angularity but Varying Unconfined
Compressive Strength (Heavin, 2010)
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Figure 2.16 Average Diameter Versus Unconfined Compressive Strength for the
6-Inch Inside Diameter Ring Samples (Heavin, 2010)
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Figure 2.17 Average Diameter Versus Unconfined Compressive Strength
for the 12-Inch Inside Diameter Ring Samples (Heavin, 2010)

2.3 CIDH Pile Structural Design
The main structural components of a CIDH pile, as shown in Figure 2.18, are:


Reinforcing steel cage



Concrete material



Inspection access tubes

Figure 2.18 Plan View of a CIDH Pile
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CIDH piles can be constructed with a large diameter and length and are, therefore,
capable of supporting large loads. Because of their large load carrying capacity, columns
are typically supported with a single CIDH pile, eliminating the need for a pile cap. Only
in some cases, such as with very large bridge column foundations, are a group of CIDH
piles required.

Caltrans uses two general types of CIDH piles, Type I and Type II shafts, as shown in
Figure 2.19. For Type I pile shafts, the reinforcing cage diameter is the same for the pile
and column, but the area of reinforcement and concrete cover may change between the
pile and column (Caltrans, 2010). Type I pile shafts are typically used for supporting
shorter columns and are designed so the plastic hinge forms below the ground surface
within the shaft. For Type II pile shafts, the reinforcing cage in the pile is larger than the
reinforcing cage in the column and the shaft diameter is at least 24 inches larger than the
column diameter (Caltrans, 2010). Type II pile shafts typically support taller columns
and are designed so the plastic hinge develops within the column or at the column/shaft
interface. This enables easier post-earthquake inspection and repair. Ultimately, the
shaft type designed should produce the correct structural fundamental period.
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Figure 2.19 Type I and Type II CIDH Pile Types (Caltrans, 2010)
In general, Caltrans typically uses water jetting as a repair technique for smaller diameter
shafts (6 feet or less) with smaller, more isolated defects. Water jetting may be utilized
for some of the repair process for defects in larger diameter shafts. However, larger
diameter shafts can contain larger defects, which may require extensive coring and
possible redesign to complete repair of the shaft.

2.3.1 General Design Approach
The reinforcing steel in a CIDH pile reinforcing cage can potentially affect water jetting
of anomalous material within the pile. Therefore, reinforcing steel was incorporated into
some of the samples tested in this study. A brief description of the general design
approach for determining the reinforcing steel composing a CIDH pile reinforcing cage is
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described. This establishes the groundwork for the following section’s summary of the
general purpose of the reinforcing steel and the specification that determine the typical
steel layout for a CIDH pile.

The following describes a basic preliminary design approach presented by O’Neill and
Reese (1999) for the structural design of a drilled shaft (i.e. CIDH pile). The method
discussed is general and deals with axial compressive loading and no seismic influence.
This procedure deals only with the process of determining the longitudinal and transverse
reinforcement requirements and does not discuss splicing, connections, or cutoffs.
First, the factored axial (Pu), moment (Mu), and shear (Vu) loads acting on the pile are
computed. Then, a steel ratio (Ast/Ag) is assumed (a reasonable assumption is usually
about two percent) and the factored axial capacity, φPn , of the pile is compared with the
factored axial load on the pile to determine if the pile cross-section is of adequate size.

[

]

φPn is calculated with φ = 0.75 and Pn = 0.85 0.85 f c' (Ag − Ast ) + f y Ast where Ast is the
total cross-sectional area of longitudinal reinforcement, Ag is the gross cross-sectional
area of the pile section, f’c is the specified compressive strength of the concrete, and fy is
the specified yield strength of the longitudinal reinforcement (Caltrans, 2003b). To
account for lateral loads, the factored axial capacity should be sufficiently larger than the
factored axial load.

Next, the shear capacity of the pile section is calculated. If the shear resistance is
insufficient, the pile will require shear reinforcement or an increase in the pile crosssection or concrete strength. Next, the steel ratio is determined from the appropriate load-

28

moment interaction diagram or design tables and then verified to be within the allowable
limits. The actual longitudinal steel reinforcement is then selected and the bar spacing
determined based on spacing requirements. Next, verification that the actual value of
γcov = cage diameter/shaft diameter is not significantly different from the previously
assumed γcov value used to determine the steel ratio from the interaction diagram or
design tables. If the values significantly differ, a new steel ratio is determined from the
interaction diagram or design table and the steel size and spacing is redesigned until the
assumed and computed γcov values are close.

The transverse reinforcement is then designed to satisfy confinement and minimum shear
requirements. First, the volumetric ratio of spiral reinforcement required, ρs, is
computed, a pitch for the reinforcement is chosen based on spacing requirements, and the
minimum area of shear reinforcement calculated. ρs is the ratio of spiral reinforcement
volume to core volume (measured out-to-out of spirals). From these values, the required
area of reinforcement is determined and the spiral size selected, keeping in mind to select
a spiral size that adequately suffices handling and placement stresses as well as stresses
induced by the fresh concrete flowing through the pile reinforcement cage. If the shear
resistance of the pile section computed earlier was sufficient, the preliminary design of
the shaft is complete.

A soil-structure interaction (p-y) analysis should then be performed to determine the final
axial load, shear, and moments along the entire pile length. The pile’s cross-sectional
interaction diagram should then be generated and the combined factored axial load and
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moment acting on the pile should lie on or within the interaction diagram limits to verify
that the section is adequately designed.

If the shear resistance of the pile section was not adequate in the initial preliminary
design or after further analysis (such as the p-y analysis) of the pile forces along the
entire pile length (as is often the case when considering seismic loading), the pile
concrete strength or pile diameter may be chosen to be increased. Alternatively, the
transverse reinforcement designed according to confinement and minimum shear
requirements can be chosen to resist some of the shear load and therefore determined if it
can resist the additional shear load. If the reinforcement option is selected, the required
area of transverse steel is to be determined. The required steel area is based on the
additional shear strength needed in addition to the shear strength from the pile crosssection to meet the applied shear load. If the required area of transverse steel exceeds the
previously designed transverse reinforcement, then the bar size would need to be
increased or the spacing reduced if not already at the minimum spacing.

2.3.2 Reinforcing Steel Cage

Drilled shaft reinforcing steel cages are composed of longitudinal (vertical) reinforcement
and transverse (horizontal) reinforcement. The longitudinal reinforcement is typically
equally spaced in a circular shape with an effective diameter slightly less than the shaft
diameter. The transverse reinforcement is wrapped around and attached to the
longitudinal reinforcement with ties, clamps, and sometimes welds. Structural
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requirements (axial load, lateral load, and moment) dictate how much longitudinal and
transverse reinforcement are required.

Longitudinal steel primarily resists bending and tension stresses. The largest demand is
typically found close to the ground surface (near the top of the pile) and decreases with
depth. Because of this, some longitudinal steel bars may not be required for the entire
length of the shaft. Transverse steel resists shaft shear forces, stabilizes and holds the
longitudinal steel in place during construction, and enables the shaft to develop post-yield
ductility by confining the concrete within the cage core. Fresh concrete flowing radially
outward from the shaft core to the sides of the shaft apply stressing on the reinforcing
steel cage. The transverse steel must also be strong enough to avoid undesirable
distortion from these loads. Furthermore, transverse steel must resist added stresses
induced during handling and placement of the cage. Therefore, to maintain cage
integrity, the size of the transverse steel may need to be increased from the size required
to satisfy structural requirements.

According to Caltrans (2006b), low-alloy deformed bars with designation
ASTM A 706/A 706M shall be used for the reinforcing bars. If the pile is supporting
sign and signal foundations, then deformed or plain billet-steel ASTM A 615/A 615M
Grade 40 or 60 may be used. When shafts are installed in highly corrosive environments
such as marine situations, galvanized or epoxy-coated steel may be used.

31

The concrete cover (distance from pile concrete boundary to closest reinforcing bar
surface) should be at least 4 inches when an uncased shaft or cased shaft not adequately
corrosion resistant is installed under water or slurry. When a pile is placed under dry
conditions, the concrete cover should be at least 3 inches or 2 inches for an uncased or
permanently cased shaft, respectively (Caltrans, 2003b).

Reinforcement spacing limits are shown in Figure 2.20. In order to enable proper
concrete flow through the reinforcement cage, both vertical and horizontal reinforcement
should be positioned with a minimum 5-inch clear space between bars (ADSC West
Coast Chapter, 2007a). Vertical bar center-to-center spacing should also be a maximum
of 8 inches for Type-I pile shafts (Caltrans, 2008a). To achieve vertical spacing, vertical
bars can be bundled, and to accomplish horizontal spacing, reinforcement hoops can be
bundled or hoops can be rolled from smooth bar sections (ADSC West Coast
Chapter, 2007a).
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Figure 2.20 CIDH Pile Longitudinal Reinforcement and Inspection
Access Tubing Spacing Requirements (Caltrans, 2008b)
The minimum and maximum longitudinal reinforcement cross-sectional area is to be
between 0.01 and 0.08 times the gross cross-sectional area of the shaft. The
reinforcement cage must contain a minimum of six longitudinal bars and the smallest bar
size is to be a # 5 (0.625-inch diameter) (Caltrans, 2003b). However, as O’Neill and
Reese (1999) state, # 8 (1.0-inch diameter) is typically the smallest longitudinal bar size
used in a drilled shaft.

The minimum amount of transverse reinforcement is controlled by confinement and
minimum shear requirements. To satisfy confinement requirements, according to
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Caltrans (2003b), the volumetric hoop or spiral reinforcement ratio, ρs, is not to be less
⎛ Ag
⎞ f'
than ρ s = 0.45⎜⎜
− 1⎟⎟ c where Ag is the gross cross-sectional area of the shaft, Ac is
⎝ Ac
⎠ fy

the core area measured from the spiral reinforcement outside diameter, f’c is the specified
compressive strength of the concrete, and fy is the spiral or hoop reinforcement specified
yield strength (not to be taken as more than 60 ksi). Additionally, in the zone of possible
plastic hinge development, for shafts with diameters of 3 feet or less, ρs is not to be less
⎛ Ag
⎞ f'⎛
1.25P
− 1⎟⎟ c ⎜ 0.5 + ' e
than ρ s = 0.45⎜⎜
⎜
f c Ag
⎝ Ac
⎠ fy ⎝

⎞
⎟ while for shafts with diameters larger than
⎟
⎠

3 feet, ρs is not to be less than ρ s = 0.12

f c'
fy

⎛
⎜ 0.5 + 1.25Pe
⎜
f c' Ag
⎝

⎞
⎟ . Pe is the design axial load
⎟
⎠

from gravity and seismic loads. In all situations, ρs should not be less than that required
by the first equation in this paragraph. Additionally, according to ACI 318 (2008), if the
pile is for a structure assigned to Seismic Design Categories D, E, and F, than ρs is not to

f c'
where fyt is the same as fy in the above formulas. To satisfy
be less than ρ s = 0.12
f yt
minimum shear reinforcement requirements, the area of transverse reinforcement is not to
be less than Av =

50bw s
where s is the transverse reinforcement spacing, Av is the
fy

transverse reinforcement area within a distance s, and bw is the diameter of the pile
section (Caltrans, 2003b).
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When the factored shear load is larger than the shear capacity of the pile cross-section as
⎛
Nu
computed from Vc = 2⎜1 +
⎜ 2,000 A
g
⎝

⎞ '
⎟ f c (bw d ) or Vc = 2 f c' bw d (Caltrans, 2003b), the
⎟
⎠

transverse reinforcement must provide the additional shear resistance. Nu is the factored
axial load occurring simultaneously with Vu and d is the distance from the extreme
compression fiber of the cross-section to the tension reinforcement centroid. According
to Caltrans (2003b), the shear strength of the transverse reinforcement is computed from
Vs =

Av f y d
s

.

2.3.3 Concrete Material

CIDH pile concrete is designated by compressive strength with a minimum 28-day
compressive strength of 3,600 psi (Caltrans, 2006b). It is important that the concrete is
highly fluid so that it can compact and consolidate without being vibrated, prevent the
drilled hole from collapsing as drilling slurry is displaced, and flow through the pile
reinforcing steel cage. Therefore, the maximum aggregate grading should be 1/2 inch or
3/8 inch and the mix should have a nominal slump equal to or greater than 7 inches
(Caltrans, 2006a). The concrete must maintain high workability throughout the entire
pouring process. The mix must demonstrate a slump of 7 inches until two hours after
concrete placement has finished. If concrete placement only requires two hours or less to
complete, a slump of 7 inches must be met at twice the time of concrete placement
(Caltrans, 2006a). Furthermore, the concrete mix must be comprised of a minimum of
675 pounds of cementitious material per cubic yard and be proportioned so excessive
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bleed water and segregation are prevented (Caltrans, 2006a). Chemical admixtures
should be utilized to maintain high workability of the mix (Caltrans, 2008b).

2.3.4 Inspection Access Tubes

Inspection access tubes are utilized to conduct integrity testing of a pile and perform
anomalous material removal and repair with a water jet. All piles installed under wet
(slurry displacement method) conditions require inspection access tubes (Caltrans, 2006a,
2008b). When inspection access tubes are required, the pile diameter must be at least 24
inches and a minimum of two inspection access tubes must be installed (Caltrans, 2006a,
2008a).

The tubes should be Schedule 40 polyvinyl chloride pipes with a 2-inch nominal inside
diameter (Caltrans, 2006a). The maximum tube spacing is to be 33 inches from center of
one tube to the center of the adjacent tube, as measured along an effective diameter
passing through the inspection tube centers. The tubes are to be placed on the perimeter
of the pile inside the outermost spiral or hoop reinforcement and should not be positioned
within the pile core away from the reinforcement cage, even with larger diameter piles.
There is to be a minimum 3-inch clear spacing between the tubes and the adjacent
vertical reinforcement. (Caltrans, 2006a, 2008a, 2008b). Figure 2.20 illustrates the
requirements described above.
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2.4 Standard of Practice for Water Jetting of CIDH Pile Anomalies

CIDH piles constructed with the use of slurry develop detectable anomalies
approximately 20 percent of the time (Liebich and Bonala, 2007). There are various
mitigation options when a pile is rejected due to the presence of anomalous material. If
the anomalous material is determined to be irreparable, the pile may be replaced or
supplemented with additional foundation elements to satisfy the design requirements
(Caltrans, 2008b; Skeen and Liebich, 2004). When a defect is close to the ground surface
and the anomalous material is determined repairable, the pile can be unearthed and the
defect physically repaired. This is referred to as the hand repair method. Alternatively,
defective material may be eliminated with water jets and grouted from the ground
surface. If the anomalous material is within approximately 10 feet of the surface, the pile
is typically unearthed and repaired; otherwise, water jetting is the most economical
(Liebich and Bonala, 2007; Skeen and Liebich, 2004).

Caltrans and the West Coast Chapter of the International Association of Foundation
Drilling (ADSC) have undertaken the task of defining the best procedures for both hand
and water-jetting repair methods of CIDH pile defects. In 2007, with the assistance of
Caltrans and Holdrege & Kull Consulting Engineers, the ADSC West Coast Chapter
recommended a Standard Mitigation Plan for the repair of defects in CIDH piles. The
ADSC West Coast Chapter (2007b) plan, consisting of Standard Mitigation Plan “A” –
Basic Repair and Standard Mitigation Plan “B” – Grouting Repair, is discussed in the
following sections.
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2.4.1 Standard Mitigation Plan “A”

Standard Mitigation Plan “A”, known as basic repair or simple repair when completed
close to the pile top, is typically performed by hand and allows for visual inspection and
verification of an anomaly and its complete removal. This procedure entails the
excavation of earthen material alongside the pile, mechanical removal of anomalous
material, and the replacement of excavated material with competent concrete. As
referenced earlier, due to economic reasons, this repair method is typically only used for
the repair of shallow anomalous material within a pile.

Excavation is performed to a depth of 1 foot below the identified anomaly by installing a
shored shaft beside the pile or digging at an appropriate slope. Visually apparent
anomalous material is then mechanically removed with a chipping gun or similar
apparatus until only competent concrete remains. If the supposed anomaly appears to be
sound concrete, then verification of its competence can be achieved through hammer
testing or hand-chipping to a depth of 1 inch into the material. Once the engineer
inspects the anomalous material zone and considers it adequately removed, concrete is
placed in the removed anomalous material zone. Then the removed earthen material is
replaced and recompacted around the pile to a density comparable to the surrounding
in-situ earthen material.

2.4.2 Standard Mitigation Plan “B”

Standard Mitigation Plan “B” is known as grouting repair. Even though a specific drilled
shaft size is not specified in this standard, Caltrans has indicated this procedure to only be
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typically appropriate for smaller diameter shafts (less than about 5 to 6 feet). Larger
diameter shafts can require a more detailed study and mitigation plan for the repair of
anomalous material.

Standard Mitigation Plan “B” involves the following procedural steps. First, highpressure water with low volume is used to cut and remove the PVC inspection tube 2 feet
below to 2 feet above the identified anomaly. Concurrently, the high-pressure water
washes the anomaly. Typically water pressures ranging from 9,000 to 15,000 psi with
10 to 15 gpm flow rates are used in this procedural step. However, the contractor may
decide to use lower pressures once the PVC inspection tube is cut out. Unless the native
material surrounding the pile structure has been determined to be affected by the jetting
process, the washing procedure should stop when insignificant amounts of solids are
observed in the return water. During this washing process, the contractor should
intermittently strain the effluent for solids and document an estimation of the solid’s
content, the solid’s type, the effluent color, and any unexpected communication between
inspection holes.

Once the anomaly has been removed, if significant communication between inspection
tubes was noted, a low-pressure, high-volume flushing should follow to eliminate
remaining loose material before down-hole camera observation or grouting continues.
This flushing includes pumping water into an inspection hole and allowing the water to
return through a different tube or around a tremie tube introduced into an inspection tube.
Flushing may be achieved with water, air, or alternating injections of both and will cease
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when the return water contains an insignificant amount of solids and is clear, unless the
native material surrounding the pile was determined to have been affected by the flushing
process. Similar to the high-pressure jetting procedure, the contractor should
intermittently strain the effluent for solids and document an estimation of the solid’s
content, the solid’s type, the effluent color, and any unexpected communication between
inspection holes.

Following the high-pressure washing and high-volume flushing procedure, the zone of
anomalous material is typically observed with a down-hole camera to confirm sufficient
removal of anomalous material and inspection tube. Once the engineer clarifies the
anomalous zone cleared, grouting can proceed to fill the cavity in the pile. Grouting
procedures may include replacement or permeation grouting. Procedures for these
methods are detailed in the ADSC West Coast Chapter (2007b) document.
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CHAPTER 3: EXPERIMENTAL TESTING

3.1 Introduction

For this research, two general questions were addressed. First, what effect does a steel
reinforcing cage have on the water-jetting removal process of anomalous material from
CIDH piles? Secondly, how is erosion depth affected by varying jetting pressures and
standoff distances from the material surface? Experimental testing was conducted in two
phases to answer these research questions. The first phase called for water jetting of ring
samples encasing reinforcing steel samples and cages. The second phase called for water
jetting of cylindrical test specimens to further investigate the influence jetting pressure
and standoff distance have on water-jetting effectiveness. The results of this second
phase augmented previous research completed by Heavin (2010). The experiments
completed under these two phases are described in the following sections of this report.

3.2 Reinforcing Steel Tests
3.2.1 Ring Samples

As with Heavin’s experimental research (Heavin 2010), ring specimens that allowed
testing in a controlled manner were the most feasible option. Factors considered by
Heavin for his ring sample design and correlation of his research data were important.
Therefore, the cover plate, cyclic testing device, and ring sample design were used for the
reinforcing steel sample tests. A typical ring sample mold is shown in Figure 3.1.
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(a) Plan View

(b) Elevation View
Figure 3.1 Typical Ring Sample Mold Utilized in Reinforcing Steel Tests
The basic components of the ring mold included:


A 4-foot square plywood baseboard sheet;



A 3-foot diameter circular plywood sheet fastened in the middle of the bottom
baseboard;
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A 3-foot diameter and 18-inch tall Sonotube® concrete form fitted around the
circular plywood sheet and snug against the bottom baseboard;



Four angle brackets fastened to the Sonotube® concrete form and attached to
the bottom baseboard; and



A 2- or 6-inch diameter inner cardboard ring fitted within a previously cut
hole in the middle of the 3-foot diameter circular plywood sheet.

3.2.2 Test Setup and Sample Designs

The complete setup of this experiment is shown in Figure 3.2. The major components of
the test included:


The cover plate and cyclic testing device designed by Heavin (2010) and
previously discussed in Chapter 2;



A concrete ring sample cast with vertical and/or horizontal steel
reinforcement;



A square water tub (approximately 5 feet wide and 30 inches tall) consisting
of a wood frame and two layers of 15-foot square, 6-mil thick black
polyethylene sheeting;



A tripod with pulley and rope connecting above the cyclic testing device to a
carabineer hook and ropes attached to the collar assembly, which allowed for
moving the jet collar assembly up and down (Heavin 2010);



A diesel Jetstream® X3620 water pump for supplying the high-pressure water
utilized in the water-jetting procedure;
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A water supply tank for providing an adequate supply of water to the diesel
water pump during extended testing cycles;



A Stoneage® Gopher GO-M9 water jet (shown in Figure 3.3) attached to the
high-pressure hose coming from the diesel water pump;



A water pressure gauge connected above the water jet for determining the
water pressure exiting the jet nozzles; and



Two submersible pumps for expelling excess water out of the water tub during
a testing cycle and enable recycling of the water.

Tripod, Pulley,
and Rope
Hose
Diesel Water
Pump

Water Supply
Tank

Pressure
Gauge
Submersible
Pumps
Cover Plate
and Cyclic
Testing Device

Square Water
Tub

Figure 3.2 Steel Reinforcement Experiment Setup
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Water Jet
Body

Nozzle Head:
1.62-Inch Outside
Diameter

Figure 3.3 Stoneage® Gopher GO-M9 Water Jet
Four reinforcing steel tests were designed. Two samples contained a 6-inch inner
diameter cardboard ring tube inspection hole and two samples a 2-inch inner diameter
cardboard ring tube inspection hole. The 2-inch inspection hole samples resembled the
configuration of a typical CIDH pile reinforcing steel cage. The 6-inch inspection hole
samples enabled periodic observation during jetting and correlation of results with
Heavin’s research.

For all four samples, the location of the vertical reinforcement (parallel to the up and
down movement of the jet) was mapped onto the base of the ring mold. At the specified
locations, holes were routed into the plywood sheet to snuggly hold the vertical
reinforcement in position. Plywood sheeting attached to the top of each ring mold
sample held the vertical reinforcement and inspection tube in place during casting. A
typical form is shown in Figure 3.4.
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Figure 3.4 A Typical Reinforced Ring Sample with Plywood Forms
3.2.2.1 6-Inch Inner Ring Samples

Both samples with a 6-inch inner ring inspection hole were constructed similarly. One of
these samples is shown in Figure 3.5.

Figure 3.5 6-Inch Inner Ring Reinforcing Steel Sample
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Each sample contained four vertical reinforcing bars. The bar sizes included #4, #8, #11,
and #14 (0.5-inch, 1.0-inch, 1.41-inch, and 1.693-inch nominal diameter, respectively).
The bars were evenly spaced around the inner cardboard ring as shown in Figure 3.6.

Figure 3.6 Plan View of a 6-Inch Inner Ring Sample with
Reinforcing Steel
At the designed reinforcement locations, the bars were approximately 2 inches away from
the water jet. This 2-inch distance did not meet Caltrans’ specifications as discussed in
Chapter 2, but would allow for the greatest amount of shadowing to be observed.
Furthermore, these samples were designed to make comparison between the degree and
shape of shadowing that occurs behind varying rebar sizes, so required rebar spacing was
not as important.
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One 6-inch inner ring sample was tested cyclically while the other was jetted over an
extended time period to mimic typical field-testing conditions. Discussion of the testing
procedures is found in Sections 3.2.3.1 and 3.2.3.2. The cyclically tested sample is
referred to as SCMS-6C, and the non-cyclically tested sample is referred to as
SCMS-6NC. The test nomenclature used in this study is described in the Appendix A of
this report.

For test SCMS-6NC, water jetting was planned for a prolonged time period without
stopping. Therefore, a large amount of material would be eroded and potentially remain
in the inspection hole, causing the water jet to clog. As a result, a 6-inch diameter hole
was cut through the bottom of the mold at the inspection hole location. Additionally, a
platform was built and positioned below the sample before pouring its material. The hole
in the bottom baseboard allowed eroded material to drop out of the inspection hole during
jetting. Figure 3.7 includes a sketch of the platform.
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(a) Plan View

(b) Cross-Section A—A’
Figure 3.7 Platform Positioned Below Several of the Ring Samples

3.2.2.2 2-Inch Inner Ring Samples

Both samples with 2-inch inner ring inspection holes were constructed to resemble actual
CIDH pile reinforcement layouts. The two samples are shown in Figure 3.8.
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(a) #8 (1.0-inch Diameter) Vertical Reinforcement and
#4 (0.5-inch Diameter) Horizontal Reinforcement

(b) #14 (1.693-inch Diameter) Vertical Reinforcement and
#8 (1.0-inch Diameter) Horizontal Reinforcement
Figure 3.8 2-Inch Inner Ring Reinforcing Steel Samples
Both samples contained proper spacing between the vertical reinforcing bars and the
inspection hole, as specified by Caltrans and discussed in Chapter 2. One horizontal
reinforcing bar (confining reinforcement), curved at a specified diameter, was attached
with tie wire to the vertical bars at approximately the mid-height of each sample.
Figure 3.9 shows plan views of these samples’ layouts.

50

Although not components of a typical reinforcing steel cage configuration, additional
vertical bars were cast into the ring samples within the region corresponding to the pile
core as shown in Figure 3.9. These bars were placed at a distance of 6 inches from the
inspection hole and were added to further analyze what affect reinforcement distance
from the water jet has on the degree of shadowing.

Bars are often bundled to meet spacing requirements. Therefore, both samples contained
two groupings of bundled vertical reinforcement. One grouping was part of the typical
reinforcing steel cage configuration. The other group was positioned in the pile core as
some of the additional vertical bars.
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(a) #8 (1.0-inch Diameter) Vertical Reinforcement and
#4 (0.5-inch Diameter) Horizontal Reinforcement

(b) #14 (1.693-inch Diameter) Vertical Reinforcement and
#8 (1.0-inch Diameter) Horizontal Reinforcement
Figure 3.9 Plan Views of the 2-Inch Inner Ring Samples with
Reinforcing Steel
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One sample, referred to as SCMS-2NC8, consisted of #8 vertical reinforcing bars and a
#4 confining bar curved with a 3-foot diameter. This reinforcing steel layout was
designed to resemble (approximately) the configuration found within a 3-foot diameter
pile. The other sample, referred to as SCMS-2NC14, consisted of #14 vertical
reinforcing bars and a #8 confining reinforcing bar curved with a 6-foot diameter to
resemble approximately the configuration of a 6-foot diameter pile. The bar sizes
selected for inclusion in these two configurations corresponded approximately with the
bar sizes typical of CIDH piles that are constructed with 3- and 6-foot diameters.

Both 2-inch inner ring inspection hole samples were jetted over an extended period of
time to mimic typical field-testing conditions. Therefore, approximately 2-inch diameter
holes were cut into the bottom of the molds to allow the escape of eroded material.
Platforms similar to the one discussed previously for the 6-inch inner ring sample were
built and positioned below the samples.

For all ring samples, plastic wrap was applied to the outside face of the cardboard tubing
before casting the material samples. The plastic wrap permitted easier removal of the
cardboard tubing after the samples had cured. The cardboard tubing was removed prior
to the commencement of water-jet testing.

3.2.2.3 Sample Material

To observe shadowing behind the steel bars during water jetting, a relatively weak
concrete material was selected for the reinforcing steel tests. The weaker material meant
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that larger erosion distances would be observed during water jetting. A material similar
to SCM-01 and SCM-02 from Heavin (2010) was selected due to the low strength and
ease of obtaining from a local concrete supplier. The material’s high slump would enable
easy placement within the samples and quality material contact (no air pockets) around
the reinforcement. Furthermore, to provide supplemental erosion distance data to
complement and verify Heavin’s research, the material for the tests was selected to have
a UCS close to 200 psi. Table 3.1 includes a summary of the mix design used.
Table 3.1 Concrete Mixture Proportions used
for the Reinforcing Steel Samples
SSD WTS. ABS. VOL.
(lbs/yd3)
(ft3/yd3)

MATERIAL
Cement - Type II

247

1.257

Fly Ash - Class F

82

0.571

Water
Coarse Aggregate - Santa Margarita
Crushed Granite 3/8" x #8
Sand - Sisquoc ASTM C33

367

5.874

700

4.282

2261

14.207

Air Content (3.0%)

-

0.810

TOTAL

3656

Air Entraining Admixture - Daravair 1000

1.2 oz/yd

27.000
3

The SCM material was ordered from Hanson Aggregates, a local concrete supplier, and
delivered to the testing site in Paso Robles by ready-mix truck. The SCM material was
not vibrated after placement. After casting, the samples were covered with plastic
sheeting and a plywood sheet. To evaluate the UCS of the reinforcing steel samples,
4- by 8-inch cylinders were cast and allowed to cure adjacent to the ring samples in Paso
Robles. The cylinders were tested for strength at Cal Poly on the same day the ring

54

samples were water jetted. The average, as-tested strength of the samples was
approximately 160 psi with a standard deviation of 6.4. Table B-1 in Appendix B shows
the compression data collected as part of this study.

3.2.3 Water-Jetting Procedures

Before testing could commence, various steps were taken to prepare the ring samples.
The inner cardboard ring was cut and removed from the sample, and the inside diameter
of the hole was measured. This measurement served as the baseline inside diameter of
the ring prior to water jetting. Erosion depths observed during water jetting were
measured with respect to this initial diameter.

The water tub used to submerge the sample during testing was created. First, a square
wood frame was positioned around the sample. Next, the two layers of black plastic
sheeting (positioned beneath the sample before concrete placement) were folded over the
top of the square wood frame and fastened down to create the tub.

The cover plate and cyclic testing device were positioned onto and attached to the
sample, making sure the water jet was aligned in the center of the ring. The water jet was
aligned perpendicular to the bottom of the cyclic testing device and positioned
approximately 3 ¾ inches above the bottom of the sample while in the lowest testing
position. The water jet was secured in the collar assembly.
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The tripod was positioned over the sample and the pulley rope was attached, assuring
smooth up and down movement of the collar assembly. The guideposts on the cyclic
testing device were greased, submersible pumps were positioned into the tub, and water
was filled into the tub until the sample was submersed. The submersible pumps were
turned on during testing to expel excess water.

These initial procedural steps were performed before testing each sample. The following
sections detail the additional steps conducted for the cyclically tested sample and the
samples jetted with a procedure mimicking typical field-testing conditions.

3.2.3.1 Ring Sample – Cyclic Testing

These additional procedural steps pertain to the 6-inch inspection hole sample tested in a
cyclic manner (SCMS-6C). The diesel water pump was started and pressurized to
approximately 10,500 psi. When testing commenced, a team member raised and lowered
the collar assembly. Jetting proceeded for 30 seconds, at which time the jet was stopped
for intermediate erosion measurements. The bolts securing the cyclic testing device to
the cover plate were loosened and the assembly was lifted off the cover plate. Enough
water was pumped out of the tub to allow for erosion measurements. Measurements were
recorded in accordance to the method explained in Section 3.2.4. Additionally,
shadowing observations were noted and pictures were taken.

Once the erosion measurements were recorded, the cyclic testing device was repositioned
and bolted to the cover plate. Water was pumped back into the tub until the sample was
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re-submerged. The diesel water pump was started, and the test procedure was repeated
for jetting time intervals of approximately 60, 120, 240, 480, and 960 seconds. Testing
was stopped after each interval for additional erosion measurements. For each testing
interval, the collar assembly was raised and lowered at approximately 13-15 cycles per
minute, and the jetting pressure was recorded.

3.2.3.2 Ring Sample – Non-cyclic Testing

These test procedures pertain to the samples tested in a non-cyclic manner, mimicking
typical field-testing conditions (SCMS-6NC, SCMS-2NC8, and SCMS-2NC14). The
diesel water pump was started and pressurized to approximately 10,500 psi. The water
jet proceeded to erode in a vertical stationary position at the lowest level of the collar
assembly. Jetting proceeded for approximately 2½ minutes. After this period, the water
jet was raised approximately half inch. Jetting proceeded for another 2½ minutes; then,
the water jet was raised another half inch. This process was repeated until the full 6-inch
stroke of the collar assembly range was covered. The total testing time lasted about
30 minutes. The testing assembly was raised and held in its vertical position using a
come-a-long attached to the pulley rope and the water pump trailer.

3.2.4 Test Measurements and Post-Mortem Evaluations

For the cyclically tested sample (SCMS-6C), intermediate observations of material
shadowing behind the reinforcement were noted and erosion measurements were
recorded between each testing interval. The intermediate erosion depths were measured
at three vertical heights (4, 7, and 10 inches from the bottom of the test sample) within
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the erosion zone. This corresponded to the bottom, middle, and upper region of the
erosion cavity. Measurements were recorded at each of these three heights along two
cross-sectional lines at the four midpoint locations between the vertical reinforcing bars.
A total of 12 measurements were recorded for each testing cycle. These measurement
locations are shown in Figures 3.10 and 3.11.

Figure 3.10 Plan View of 6-Inch Inner Ring Sample
SCMS-6C showing Measurement Cross-Sections

Figure 3.11 Elevation View of 6-Inch Inner Ring Sample
SCMS-6C and Vertical Measurement Locations
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To ensure consistent vertical measurement locations, a template (steel bar with holes)
was created similar to Heavin (2010). Measurements were recorded similar to
Heavin (2010) and as explained in Chapter 2.

For the three non-cyclically tested samples, no intermediate erosion depths were
measured. Only the final erosion depths were recorded. Prior to post-testing breakdown
of SCMS-6NC, final erosion depths were measured in the 12 measurement locations
previously mentioned for SCMS-6C. Measurements were not obtained for the 2-inch
ring samples before breakdown due to the small access hole. Visual inspection with a
down-hole camera was attempted for the 2-inch ring samples, but was unsuccessful
because the lens kept fogging.

For post-testing erosion evaluation and measurement on each sample, the samples were
cut with a concrete saw and split open with a wedge and sledgehammer. The 6-inch ring
samples were cut in halves and the 2-inch ring samples were cut in approximately thirds,
as shown in Figure 3.12. The smaller section was cut for the 2-inch ring sample so as not
to disturb important measurement locations and to avoid the horizontal reinforcing steel
present within the sample.
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Figure 3.12 2-Inch Ring Sample with #14 Vertical Reinforcement
(SCMS-2NC14) Cut Open for Post-Testing Evaluation
Once the sample was cut open, observations of the erosion zone were recorded and
photos were taken. For both 6-inch ring samples, additional measurements pertaining to
the shadowing from the reinforcement were recorded. The distance from the material
shadow apex to the far side of the reinforcement from the water jet was measured. This
measurement was recorded at several points behind each reinforcing bar. The width of
the triangular shadow was also measured behind each bar. Additionally, to later quantify
the volume of eroded material, the average height of the erosion zone was recorded.
Figure 3.13 illustrates these measurements.
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(a) Plan View

(b) Elevation View Along Cross-Sectional Line A—A’
Figure 3.13 Measurements of Triangular Shadowed Material Behind Reinforcing
Bars in the 6-Inch Ring Samples SCMS-6C and SCMS-6NC
For the 2-inch ring samples, the material did not erode as anticipated due to conjectured
complications with the water jet. Due to the unexpected results from which
measurements pertaining to material shadowing could not be obtained, only general
erosion depths were obtained at various locations within the erosion zone. Results are
discussed later in this report.
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3.3 Cylindrical Sample Tests
3.3.1 Test Samples and Layout

This test sought to evaluate water-jetting effectiveness when varying the jetting pressure
and the standoff distance from the material surface. To perform these evaluations, a new
experimental setup was designed. Goals of this testing program were as follows. The
experimental setup should permit multiple samples at various standoff distances to be
tested under water simultaneously. The setup should allow easy visual inspection of the
samples and properly enclose the high-pressure jetted water for safety reasons. Lastly,
the cover plate and cyclic testing device should be utilized without alterations.

After addressing as many design objectives as possible, the following experimental setup
was created. Figure 3.14 illustrates the major components of the test apparatus. These
components included:


The cover plate and cyclic testing device designed by Heavin (2010) and
previously discussed in Chapter 2;



A square wooden box frame for enclosing the water jet’s high-pressure jetted
water and housing the test specimens, cover plate, and cyclic testing device;



A square water tub (approximately 5 feet wide and 30 inches tall) consisting
of a wood frame and two layers of 15-foot square, 6-mil thick black
polyethylene sheeting;



A diesel Jetstream® X3620 water pump for supplying the high-pressure water
utilized in the water-jetting procedure;
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A Stoneage® Gopher GO-M9 water jet attached to the high-pressure hose
coming from the diesel water pump;



A water pressure gauge connected above the water jet for recording the
approximate water pressure exiting the jet nozzles; and



Two submersible pumps for expelling excess water from the water tub during
testing and for recycling the water.

Hose
Diesel Water
Pump
Pressure
Gauge
Submersible
Pumps

Square
Water Tub

Cover Plate
and Cyclic
Testing
Device

Square
Wooden Box
Frame

Figure 3.14 Cylindrical Sample Tests Setup

3.3.1.1 Square Wooden Box Frame

The square wooden box frame possessed dimensions fitting inside the original wooden
frames utilized by Heavin (2010) for creating the water tubs surrounding a sample. The
box was designed to support the cover plate and cyclic testing device. It allowed water
jetting of 6- by 12-inch cylindrical material specimens (discussed in the following
section). The box design is shown in Figure 3.15. A photo of the box is shown in
Figure 3.16.
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(a) Plan View

(b) Cross-Sectional Line A—A’
Figure 3.15 Square Wooden Box Frame Utilized in the Cylindrical Sample Tests
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Figure 3.16 Photograph of Square Wooden Box Frame

The basic frame components included a square wooden frame, a bottom platform, a
bottom guide form, a top guide form, and a jet assembly mounting support. The bottom
and top guide forms were both ½-inch thick sheets of plywood with approximately 6-inch
diameter holes cut in the boards at various distances from a central point (the vertical
projection point of the water jet position). The holes enabled the 6- by 12-inch cylinder
samples to be positioned within the square wooden box frame at several specific,
predetermined standoff distances from the water jet. Both guide forms were constructed
identically. When aligned with one another and fastened within the box frame, the
cylinder samples could be positioned and removed rather smoothly. One of the forms is
shown in Figure 3.17.
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- Length measurement indicated in hole is the standoff distance
from the water jet to the closest surface of the cylinder
- The smaller holes surrounding the water jet hole were
cut for a PVC tube test discussed later in Section 3.3.4
- HNU indicates hole not used in testing and served as duplicate
hole location for a design objective that did not materialize

Figure 3.17 Square Wooden Box Frame Top and Bottom Form
Design used in Cylindrical Sample Tests
The top guide form was fastened to the square wooden frame approximately 1 foot above
the bottom form. This provided the cylindrical samples support from toppling over
during testing. Additionally, this positioning of the form coincided with the top of the
samples, maximizing the height of exposed surface for water jetting. The bottom guide
form was fastened to the top of the bottom platform.

The positioning of the holes in the guide forms sought to achieve the most efficient
means of conducting the experiment. As shown in Figure 3.15(a), none of the hole
locations were positioned horizontally below the jetting assembly mounting support.
This allowed the mounting support to remain in place while lifting the samples in and out
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of the forms for inspection. Additionally, the holes were positioned so that all standoff
distance locations could be occupied with a sample at the same time and still not interfere
with the water jets from contacting another sample. The holes labeled with “HNU” in
Figure 3.17 were originally provided for a design alternative that did not materialize.
Therefore, they served as duplicate holes and were not used.

The desired standoff distances from the water jet were 2, 4, 6, 8, 12, and 16 inches.
These were chosen based on maximum erosion distances observed during previous tests.
In addition, Caltrans’ maximum inspection hole spacing criteria is 33 inches
(center-to-center) along the circumference of the reinforcing steel cage. At this spacing,
the maximum distance the jet would need to effectively remove material is approximately
16 inches. Therefore, the farthest distance of interest was 16 inches.

The actual standoff distances from the water jet were 1.5, 3.75, 5.5, 7.75, 12, and 15.5
inches. The material samples were cast in 6-inch diameter concrete cylinder molds. The
cylinder guide holes were cut in the box slightly larger than 6 inches in diameter to
permit easy removal of the cylinders during testing and to account for slight variations in
cylinder diameter.

To observe and reposition the cylinders between tests, the cover plate and cyclic testing
device would need to be removed from its testing position. However, the cover plate and
cyclic device were quite heavy. Therefore, the square wooden frame was constructed
with the approximate same height as the water tub surrounding the box frame, as this was
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expected to make removal and repositioning the easiest. Due to the height of the box
frame, the bottom platform was built to allow the cylinder samples to be positioned
higher up in the box frame, closer to the cover plate and cyclic testing device.

The jetting assembly mounting support consisted of a system of four by fours and two by
fours. To hold the mounting support in its correct position on top of the square wooden
frame, tight fitting, ¼-inch deep notches were cut into the top of the square frame as
shown in Figure 3.18.

¼” Deep
Notches

¼” Deep
Notches

Figure 3.18 Notches Cut in Top of Square Wooden Frame to Secure Jet
Assembly Mounting Support Position on Square Wooden Box Frame
To secure the cover plate and cyclic testing device in its centralized location on top of the
square wooden box frame, small pieces of plywood were attached to the jetting assembly
mounting support as shown in Figure 3.19. The plywood pieces were fastened snuggly
against all four sides of the cover plate. These plywood pieces also enabled the quick
relocation of the cover plate between tests.
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Small
Plywood
Holders

Small
Plywood
Holders

Figure 3.19 Small Plywood Pieces Attached to Jet Assembly Mounting Support

3.3.1.2 Material Specimens

The material specimens were 6- by 12-inch cylinders. A sample cylinder is shown in
Figure 3.20.
6”

U-Shaped
Rebar
Handle

12”

Figure 3.20 A 6- by 12-Inch Cylinder Specimen
used in a Cylindrical Sample Tests
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Cylinders were used during testing because their molds were easily purchased and the
shape allowed a sample to be rotated and used for several tests. The 6- by 12-inch
cylinder size was selected for the following reasons. It provided adequate weight for
keeping the sample stationary during jetting and the circumference size enabled the
sample to be used during several tests without erosion from one test interfering with
another test. Additionally, Case Pacific’s water jet is equipped with six nozzles with three
oriented at 80 and 100 degrees from the longitudinal axis. As shown in Figure 3.21, due
to the angled orientation of the nozzles, the height of the samples ensured the water jets
would contact the samples before the guide forms at all sample distances from the water
jet.

Figure 3.21 Anticipated Water Jet Projections in Cylindrical Sample Tests
Cylinders were cast with two material types: one weaker and one stronger. The weaker
material consisted of the same SCM material used for the reinforcing steel samples. This
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material mix design was discussed in Section 3.2.2.3. Twelve samples with rebar handles
were cast in general accordance with ASTM procedures for the preparation of
compression test cylinders. Rebar handles consisted of a u-shaped piece of #3 rebar as
shown in Figure 3.20. Samples without rebar for compression testing were also cast. In
addition, several 4- by 8-inch cylinders were cast and compression tested. Compression
testing was performed at Cal Poly on the same day the cylinders were water jetted. The
average, as-tested compressive strength of the SCM material was approximately 170 psi
with a standard deviation of 6.2. Table B-2 in Appendix B shows a summary of the
compression data.
For the stronger material, a regular concrete mix design with an anticipated UCS around
3,500 psi was selected. The mix contained 1-inch coarse aggregate, which is larger than
allowed by Caltrans specifications. However, Heavin (2010) concluded that erosion was
most affected by compressive strength and not aggregate size. Therefore, for simplicity
in obtaining a concrete mix with compressive strength close to Caltrans’ minimum
concrete strength requirements, a readily available mix design was utilized. Table 3.2
shows a summary of this material mix design.
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Table 3.2 Concrete Mixture Proportions of the 3,500 psi
Concrete Mix used in the Cylindrical Sample Tests
SSD WTS. ABS. VOL.
(lbs/yd3)
(ft3/yd3)

MATERIAL
Cement - Colton Type II/V

465

2.367

Water
Coarse Aggregate - Santa Margarita
Crushed Granite 1" x #4
Sand - Sisquoc ASTM C33

335

5.369

1400

8.596

1639

10.263

Air Content (1.5%)

-

0.405

TOTAL

3840

Superplasticizer - ADVA 100

4.4 oz/yd

27.000
3

Once again, 12 cylinders with handles along with several additional cylinders (without
handles) for compression testing were cast. The cylinders were cast by hand at Cal Poly
in general accordance with ASTM procedures for the preparation of compression test
cylinders. The cylinders were then transported to Paso Robles for testing. The extra
cylinders cast without rebar handles were compression tested at Cal Poly on the same day
the other cylinders were water jetted. The average, as-tested compressive strength of the
regular concrete material was approximately 3,600 psi with a standard deviation of 120.
Table B-3 in Appendix B shows the compressive strength data collected from these tests.

3.3.2 Water-Jetting Procedures

Before testing began, various steps were taken to prepare the necessary equipment for the
experiment. The 6- by 12-inch cylinders were labeled with the approximate standoff
distance the cylinder was to be tested. Additional reference markings were included to
aid in cylinder positioning during testing and for documenting erosion. Figure 3.22
shows the markings displayed on a typical cylinder.
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U-Shaped
Rebar
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From Nozzle

Figure 3.22 Markings on Typical Cylinder Specimen used in
the Cylindrical Sample Tests
The top and bottom guide forms were aligned with one another and fastened. This
enabled smooth movement of the cylinders in and out of the forms. The water tub used
to submerge the cylinders during testing was created. The square wooden box frame was
set onto two layers of black plastic sheeting. A square wood frame was positioned
around the box frame and the plastic sheeting was folded over the top of the square wood
frame and fastened down.

The cover plate and cyclic testing device were positioned onto the jetting assembly
mounting support, being careful to center the water jet in the middle of its designated
hole in the top guide form. The water jet was adjusted to a depth corresponding to the
approximate mid-height between the top and bottom guide form. This was performed
with the collar assembly in its lowest position. The water jet was also adjusted to a
perpendicular position with the bottom of the cyclic testing device. To prevent the collar
assembly from moving vertically during testing, vise grips were fastened to the
guideposts with the collar assembly in its lowest position.

73

Small pieces of plywood were fastened onto the jetting assembly mounting support along
all four sides of the cover plate as previously shown in Figure 3.19. The plywood pieces
were fastened snuggly against the cover plate edges. Cylinders were positioned within
the box frame distance locations of 1.5, 3.75, 5.5, 7.75, 12, and 15.5 inches. Figure 3.23
displays the hole locations used.

- Length measurement indicated in hole is the standoff distance
from the water jet to the closest surface of cylinder

Figure 3.23 Hole Locations used in the Cylindrical Sample Tests
When labeling the cylinders, equally spaced sector lines were marked on top of each
cylinder. During positioning of a cylinder, one of these lines was aligned with
directionality lines marked on the top guide form as shown in Figure 3.24. These
directionality lines indicated the front position pointing at the water jet.
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Water
Jet
Hole

Directionality
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Figure 3.24 Cylinder Markings Aligned with Directionality Lines
Submersible pumps were positioned in the water tub surrounding the box frame. The
water tub was filled with water until the cylinders were submersed. The submersible
pumps were turned on during testing to expel excess water.

The diesel water pump was started and pressurized until the pressure gauge above the
water jet reached a pressure of approximately 2,000 psi. Jetting continued at the desired
pressure for one minute and then stopped. The cover plate and cyclic testing device were
removed from the box frame and water was pumped out of the tub until the water level
coincided with the top guide form. Each cylinder was lifted out of the guide forms,
briefly inspected, and returned into the guide forms. When returning a cylinder to the
guide forms, the cylinder was aligned so that a surface without erosion faced the water
jet. The cover plate and cyclic testing device were repositioned onto the box frame and
water was pumped back into the tub until the cylinders were re-submersed. The diesel
water pump was started and the test procedure was repeated four more times for jet
nozzle pressures around 4,000, 6,000, 8,000, and 10,000 psi. When inspecting the
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cylinders between tests, if a cylinder exhibited an erosion depth that could overlap
erosion from a future test, the cylinder was replaced with a new cylinder.

3.3.3 Test Measurements and Post-Mortem

While testing, the cylinders were visually inspected between jetting cycles to record
general observations and to determine if a cylinder needed to be replaced. Erosion depths
were measured once all tests were finished. Since the water jet was held vertically
stationary during testing, two lines of erosion were produced on the cylinders. Recall, the
water jet is equipped with nozzles oriented at two different angles, as noted in
Figure 3.21. Erosion depths were recorded for the line of erosion with the greatest depth.
Figure 3.25 illustrates how erosion depths were measured. Finally, each cylinder was
photographed so that side and front views of the erosion pattern were recorded.

Erosion
Depth

Figure 3.25 Cylinder Sample Erosion
Depth Measurement

3.3.4 PVC Tube Tests

Additional tests were performed to assess the erosion characteristics of PVC tubing.
Schedule 40, 2-inch inside diameter PVC tubes corresponding to those used as inspection
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tubes in CIDH pile construction were fixed next to the water jet at standoff distances of
approximately 0.20 and 0.44 inches. One would expect a standoff distance in this range
for a water jet lowered within a 2-inch inside diameter inspection tube. The test box used
during the cylindrical sample tests was used during the PVC testing, as illustrated in
Figure 3.26. The PVC tubes were affixed in the box and held in place during water
jetting with angle brackets and screws.

Figure 3.26 Hole Locations in Top and Bottom Form for PVC Tube Tests
The PVC tube testing procedure was similar to the testing procedure described in
Section 3.3.2. After each testing pressure, the PVC samples were removed and
photographed. The samples were replaced with new tube sections prior to testing at a
higher jetting pressure.
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CHAPTER 4: TEST RESULTS AND DISCUSSION

4.1 Erosion Characteristics of Anomalous Materials

As discussed in Chapter 3, the 6-inch ring samples were cast with vertical reinforcing
steel bars to examine the phenomenon of shadowing during water jetting. Four different
size bars were spaced evenly around the perimeter of the inner ring. Erosion due to water
jetting was measured around the entire ring, including those areas behind the steel bars.
The procedure for measuring erosion was detailed in Chapter 3. Tables 4.1 and 4.2
display measurements obtained for the two 6-inch rings. In one test, the water jet was
cycled up and down. In the second test, the water jet was raised slowly upward from the
bottom of the sample. Total jetting times for both tests were similar.
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Table 4.1 Erosion Measurements for 6-Inch Ring Sample SCMS-6C
Average
Collar
Nozzle
Erosion Depth (inch)
Time Step Total Time Direction
Erosion Depth
Assembly Pressure
(sec)
(sec)
Height
(inch)
Cycles
(psi)
Direction A Direction B Direction A’ Direction B’ Average
10

16

30

52

105

205

10,300

10,400

10,500

11,000

10,700

10,900

30

64

120

240

434

960

30

94

214

454

888

1848

Top
Middle
Bottom

3.000

2.875

2.875

2.375

2.781

3.125

3.500

3.250

2.625

3.125

2.625

3.125

2.875

2.375

2.750

Top
Middle
Bottom

3.625

3.750

3.125

3.125

3.406

3.625

4.375

3.250

3.500

3.688

3.250

4.125

3.000

2.875

3.313

Top
Middle
Bottom

4.375

4.625

4.250

3.500

4.188

4.125

5.125

4.000

3.375

4.156

3.625

4.500

3.625

3.000

3.688

Top
Middle
Bottom

4.625

4.750

4.375

3.875

4.406

4.500

5.125

4.125

3.750

4.375

4.250

4.500

3.625

3.375

3.938

Top
Middle
Bottom

4.750

5.000

4.625

4.500

4.719

4.875

5.125

4.500

4.250

4.688

4.375

5.125

4.000

3.625

4.281

Top
Middle
Bottom

5.000

5.625

5.375

5.375

5.344

4.875

5.875

5.375

5.125

5.313

4.625

5.125

4.500

4.188

4.609

- “Direction A”, “Direction B”, etc correspond to the measurement locations indicated in Figure 3.10
- “Direction Height” indicates the vertical position of the measurement at each measurement location as shown in Figure 3.11
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2.885

3.469

4.010

4.240

4.563

5.089

Table 4.2 Erosion Measurements for 6-Inch Ring Sample SCMS-6NC
Nozzle
Erosion Depth (inch)
Time Step Total Time Direction
Pressure
(sec)
(sec)
Height
Direction A Direction B Direction A’ Direction B’ Average
(psi)
10,700

1650

1650

Top
Middle
Bottom

5.125

5.125

5.250

5.375

5.219

4.750

5.125

5.125

5.000

5.000

3.625

4.250

3.875

3.875

3.906

- “Direction A”, “Direction B”, etc correspond to the measurement locations indicated in Figure 3.10
- “Direction Height” indicates the vertical position of the measurement at each measurement location as shown in Figure 3.11
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Average
Erosion Depth
(inch)
4.708

Figure 4.1 graphs the erosion depth versus time for test SCMS-6C. The final average
erosion depth at the completion of test SCMS-6NC is also graphed on the figure.
Because the water jet passed through the cutting zone only once, testing was not
periodically stopped during jetting of sample SCMS-6NC. Therefore, only a single (i.e.
final) erosion measurement was obtained.

Average Erosion Depth (inches)

6.0
5.0
4.0
3.0

2.0
Cycled
Non-Cycled

1.0

Log. (Cycled)
0.0

0

10

20

30

40

Time (minutes)

Figure 4.1 Average Erosion Depth Versus Jetting Time for the
6-Inch Ring Samples SCMS-6C and SCMS-6NC
The final average erosion depth for SCMS-6NC falls only slightly below the final erosion
depth measured for test SCMS-6C. The jetted surface in test SCMS-6C was fairly
smooth and even compared to the surface jetted for test SCMS-6NC, which was more
irregular and pitted. Because the water jet nozzles are angled, jetting action repeatedly
contacts the material surface at an alternating upward and downward angle as the water
jet is cycled up and down. As a result, the water jets apply alternating force on the
aggregates and binder material. This results in a smoother surface after jetting and a very
slightly more efficient removal process. In general, the two different jetting methods
81

used in the 6-inch ring tests (cycling and non-cycling the water jet) produced similar
average erosion depths. This provided evidence that the cyclic-jetting procedure
developed by Heavin (2010) produced similar results to a typical water-jetting procedure
utilized in water-jetting repair of CIDH piles.

Erosion measurements made over time during test SCMS-6C follow a similar trend to
those measurements recorded by Heavin (2010). The erosion rate is higher initially and
progressively decreases as the standoff distance from the water jet increases, eventually
reaching a small rate of increase over time where negligible erosion occurs.

Graphed in Figure 4.2 are the final average diameters of the erosion cavities observed for
tests SCMS-6C and SCMS-6NC. Final average diameter is defined as the summation of
(a) two times the average erosion plus (b) the initial diameter of the inspection hole. Data
points for these tests are shown along with the final average erosion diameters for the
other 6-inch ring samples tested by Heavin (2010). The cavity diameters are plotted as a
function of material compressive strength.
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25.0
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Concrete
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Semi-Cemented Material
SCMS-6C
SCMS-6NC
Log. (Heavin Samples)
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- Logarithmic trend line is based on Heavin (2010) original average diameter points

Figure 4.2 Average Diameters Versus Material Compressive Strength for 6-Inch
Ring Samples Tested by Heavin (2010) and this Research
As shown in Figure 4.2, erosion diameters for both of the 6-inch ring samples are
consistent with those measured by Heavin (2010) during his testing. Erosion
measurements taken during this study are slightly higher than those recorded previously.
This may be attributed to the fact that the total jetting time, nozzle pressure, and cyclic
rate were not exactly the same for all samples. Still, the results are consistent and below
the maximum erosion diameter measured for weaker material by Heavin (2010). It is
encouraging that apparently repeatable results were measured by two different
researchers during two different phases of this research. Additionally, reinforcing steel
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within the erosion zone does not appear to impede jetting effectiveness except locally
behind a reinforcing bar. However, the spacing between reinforcing bars could influence
water-jetting effectiveness.

4.2 Reinforcing Steel Tests
4.2.1 6-Inch Ring Samples: Observations

Figures 4.3 and 4.4 display post-test photographs of the erosion cavity observed for
6-inch ring samples SCMS-6C and SCMS-6NC.

Triangular
Shaped
Shadowed
Material

Triangular
Shaped
Shadowed
Material

Figure 4.3 Post-Test Photographs of 6-Inch Ring Sample SCMS-6C
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Triangular
Shaped
Shadowed
Material

Triangular
Shaped
Shadowed
Material

Figure 4.4 Post-Test Photographs of 6-Inch Ring Sample SCMS-6NC
As shown in the photographs, water jetting completely removed the concrete materials
from around the reinforcing bars (blasting them clean of aggregate and cement binder).
However, an erosion cavity with triangular-shaped shadow peaks behind the reinforcing
bars was produced. The existence of shadowed material confirmed that reinforcing bars
do inhibit water-jetting effectiveness to a certain degree. The jetted surface was smoother
throughout the erosion zone for test SCMS-6C, where the water jet was cycled up and
down. Figure 4.5 shows the difference in the jetted surfaces for tests SCMS-6C and
SCMS-6NC.
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Triangular
Shaped
Shadowed
Material

Smooth
Cutting
Surface

(a) Sample SCMS-6C with Reinforcement Removed

Triangular
Shaped
Shadowed
Material

Unsmooth
Cutting
Surface with
Pitting Holes

(b) Sample SCMS-6NC with Reinforcement Removed
Figure 4.5 Erosion Cavity of 6-Inch Ring Samples Displaying
Relative Smoothness of the Cutting Surfaces
The shadow zones were clearly distinguishable for test SCMS-6C. However, due to the
rough cutting surface observed for sample SCMS-6NC, the triangular-shaped shadow
zones were less clearly defined, as shown in Figure 4.6. Behind the smaller diameter
bars, the shadow zones appeared quite small and were not as distinguishable.
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Unclear
Triangular
Material
Shadow

(a) #8 Rebar

Unclear
Triangular
Material
Shadow

(b) #4 Rebar
Figure 4.6 Shadowing Observed for 6-Inch Ring Sample SCMS-6NC
In addition, the triangular-shaped shadow zone was not evenly eroded from the bottom to
the top of the erosion cavity, as shown in Figure 4.7. The depth of erosion behind a
reinforcing bar to the apex of the shadow zone varied more gradually over the height of a
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reinforcing bar for test SCMS-6C. SCMS-6NC showed more abrupt variations in erosion
depths. Figures 4.8 and 4.9 show diagrams of how the erosion depths varied for tests
SCMS-6C and SCMS-6NC.
Abrupt Shadow
Apex Depth
Change

Abrupt Shadow
Apex Depth
Change

Figure 4.7 Shadowed Material Erosion Depth Variation Behind #11 and #14
Reinforcing Bars in 6-Inch Ring Sample SCMS-6NC
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(a) Cross-Section Through #14 and #8 Rebar

(b) Cross-Section Through #4 and #11 Rebar
Figure 4.8 Diagrams Depicting Shadowed Material Erosion Depth
Variation in 6-Inch Ring Sample SCMS-6C
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(a) Cross-Section Through #14 and #8 Rebar

(b) Cross-Section Through #4 and #11 Rebar
Figure 4.9 Diagrams Depicting Shadowed Material Erosion Depth
Variation in 6-Inch Ring Sample SCMS-6NC
While testing the SCMS-6C sample, erosion of the material behind the reinforcing steel
increased with increasing jetting time. An erosion gap first appeared behind the #4 rebar.
Erosion behind the #14 rebar was last to develop.

During testing of sample SCMS-6C, the reinforcement positioning form lifted up from
the concrete material and reinforcing bars. This removed the support of the form on the
reinforcing bars, which caused the bars to apply force onto the concrete surrounding the
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top of the reinforcement. The force from the bars onto the concrete caused the concrete
to erode around the top of the reinforcement as shown in Figure 4.10. As a result, the
bars moved slightly from their original position during testing.

Figure 4.10 Depiction of Gaps that Formed Around the Reinforcement
at the Top of the 6-Inch Ring Sample SCMS-6C
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4.2.2 2-Inch Ring Samples: Observations

Figure 4.11 shows post-test photographs of sample SCMS-2NC14.
Consistent Cavity Depth with Unsmooth
and Pitting Hole Surface

Figure 4.11 Post-Test Photographs of 2-Inch Ring Sample SCMS-2NC14
Jetting produced an erosion cavity with a consistent diameter. As diagramed in
Figure 4.12, the depth of erosion extended to approximately the far side of the closest
reinforcement from the water jet. The erosion surface was rough, similar to test
SCMS-6NC.
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Figure 4.12 Diagram of Erosion Cavity for the
2-Inch Ring Sample SCMS-2NC14
No material shadowing behind the vertical bars was observed because the eroded cavity
was not large enough. The horizontal reinforcement did not appear to inhibit the removal
of material for the extent of the erosion cavity.

This sample’s reinforcement positioning form on top of the sample was removed before
testing. As a result, the closest individual vertical bar to the water jet was not held fixed.
This allowed the jetted water to apply ample force on the bar to erode the concrete around
the bar at the top of the sample, as shown in Figure 4.13. Therefore, the top of the bar did
not remain fixed in its original location during jetting.
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Original Vertical
Reinforcement Position

Inspection Hole
Location

Figure 4.13 Repositioning of Reinforcing Bar Due to Erosion
of Concrete in 2-Inch Ring Sample SCMS-2NC14
Figure 4.14 shows post-test photographs of sample SCMS-2NC8. The photographs show
that jetting produced an inconsistent erosion zone diameter. The surface was not pitted
like sample SCMS-6NC, but instead contained large, deep holes (tube-like cavities) of
erosion scattered throughout the erosion zone. This phenomenon indicates that the water
jet ceased rotating at different times during the test. Clogging of the relatively small
access hole and the water-jet assembly was observed and likely caused the jet to stop
rotating. This clogging occurred despite allowing water-jetting effluent to escape through
the bottom and top of the ring sample. Seizing of the water jet swivel reduced the
efficiency and effectiveness of the jetting operation.
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Uneven Erosion Zone
with Large Deep
Holes of Erosion

Uneven Erosion Zone
with Large Deep
Holes of Erosion

Figure 4.14 Post-Test Photographs of 2-Inch Ring Sample SCMS-2NC8
If one ignores the additional erosion depth of the tube-like cavities and notes the average
distance to the shortest erosion depths within the erosion cavity, the general cavity
diameter extended to the depth shown in Figure 4.15. This general cavity diameter was
much larger than the cavity for sample SCMS-2NC14.

95

(a) Plan View

(b) Elevation View
Figure 4.15 Diagram of Erosion Cavity for the 2-Inch Ring Sample SCMS-2NC8
Because tube-like cavities were scattered throughout the erosion zone, shadowed material
was not obvious. The only possible shadowing observed is shown in Figure 4.16.
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Potential Shadowing
Behind # 8 Vertical
Reinforcement

Figure 4.16 Potential Shadowing in the 2-Inch Ring Sample SCMS-2NC8

4.2.3 Test Results

As discussed in Chapter 3, each of the ring samples were cut open so that final
measurements could be recorded and photographs could be taken. For tests SCMS-6C
and SCMS-6NC, the erosion distance from the backside of the rebar to the apex of the
shadow zone were recorded. Four to seven gap measurements were recorded as
previously shown in Figures 4.8 and 4.9. The approximate width and height of the
triangular-shaped shadow zones behind the vertical reinforcing bars was also noted.
Tables 4.3 and 4.4 display these measurements and the approximate volume of shadowed
material behind each bar for tests SCMS-6C and SCMS-6NC.
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Table 4.3 6-Inch Ring Sample (SCMS-6C) Shadowed Material Volume Measurements
Bar
Bar Diameter
(in)
Size
#4

0.5

Distance From Back of Rebar to
Shadow Apex @ Various Heights
(in)
2 1/2

3 1/2

3

3 3/4

Average Distance
Erosion
From Back of Rebar Shadow Shadow Zone Shadowed
to Shadow Apex
Height
Width
Height
Volume
(in)
(in)
(in3)
(in)
(in)

-

3.188

1.438

2 1/2

11.625

20.889

#8

1

2 1/8

1 7/8

3

2 5/8

3 1/8

2.550

1.575

2 1/2

11.625

22.887

# 11

1.410

1 1/4

1 1/4

2 1/2

2 3/4

2 1/2

2.050

1.665

3

11.625

29.033

# 14

1.693

1 3/4

3/4

2 5/8

1 5/8

2 1/4

1.800

1.632

3 3/8

11.625

32.015

- The recorded and calculated measurements shown in this table are illustrated in Figure 3.13

Table 4.4 6-Inch Ring Sample (SCMS-6NC) Shadowed Material Volume Measurements
Bar
Bar Diameter
Size
(in)

Average Distance
Erosion
Distance From Back of Rebar to From Back of Rebar Shadow Shadow Zone Shadowed
Shadow Apex @ Various Heights
Height Width
Volume
to Shadow Apex
Height
(in)
(in)
(in)
(in3)
(in)
(in)

#4

0.5

#8

1

2 1/8 1 7/8 2 3/4 2 1/2 3 1/4 2 3/4 3 1/4
2

1 3/4

2.643

1.565

2

10.75

16.829

1 7/8 2 3/4

-

-

2.275

1.433

2

10.75

15.408

# 11

1.410

3 1/4

1/2

2 1/2 1 1/2 2 1/4

2

2 1/4

2.036

1.263

2

10.75

13.573

# 14

1.693

1/2

1/8

1 3/4 1 3/8 1 5/8 1 1/4 1 3/8

1.143

1.872

2

10.75

20.129

3

- The recorded and calculated measurements shown in this table are illustrated in Figure 3.13
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Plotted in Figure 4.17 is the average distance from the back of a vertical reinforcing bar
to the apex of the shadow zone as a function of bar diameter. For tests SCMS-6C and
SCMS-6NC, the average distance from the back of the bar to the shadow apex decreases
as the bar diameter increases. For all bar diameters, test SCMS-6C produced larger
average distances from the back of the reinforcing bar to the shadow apex compared to

Average Distance From Back of Rebar to Shadow
Apex (inches)

test SCMS-6NC.

5
Cycled
Non-Cycled

4

3

2

1

0

0

0.5

1
1.5
Bar Diameter (inches)

2

Figure 4.17 Average Distance from Reinforcing Bar to Apex of Shadow
Zone Versus Bar Diameter for SCMS-6C and SCMS-6NC

The standoff distance as a function of bar diameter is plotted in Figure 4.18, where
standoff distance is the average distance from the water jet to the apex of the shadowed
zone. As shown, the distance from the water jet to where shadowing begins is
approximately the same, regardless of the reinforcing bar size. Test SCMS-6NC
developed slightly shorter distances than test SCMS-6C.
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Standoff Distance From Jet to Shadow Apex
(inches)
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Cycled
Non-Cycled

8

6

4

2

0
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1.5

2

Bar Diameter (inches)

Figure 4.18 Standoff Distance from Water Jet to Apex of Shadowed
Zone Versus Bar Diameter for SCMS-6C and SCMS-6NC

Figure 4.19 displays the approximate volume of material shadowed behind the steel bars
as a function of bar diameter. SCMS-6C shows a consistent increase in shadowed
volume with increase in bar diameter. A similar trend is observed for test SCMS-6NC,
but the trend is less well defined. As evident, test SCMS-6C produced greater shadowed
volumes than test SCMS-6NC.
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Shadowed Material Volume (in3)
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Figure 4.19 Volume of Shadowed Material Versus Bar Diameter
for the 6-Inch Ring Samples SCMS-6C and SCMS-6NC
Table 4.5 shows the approximate total volume of shadowed material within the erosion
zone, the approximate total volume of eroded material, the anticipated total volume of
erosion if no rebar were present, and the percentage of volume not removed due to the
presence of rebar. The total volume of shadowed material was higher for test SCMS-6C
versus test SCMS-6NC. However, the anticipated volume of erosion with no
reinforcement present is also greater for test SCMS-6C than test SCMS-6NC. Therefore,
the percentage of volume not removed due to the presence of the reinforcement is still
greater for test SCMS-6C. Overall, more volume was eroded with the cyclic procedure.
Table 4.5 Percentage of Volume Shadowed for 6-Inch
Ring Samples SCMS-6C and SCMS-6NC
Total Volume
Shadowed
(in3)
Cycled
Non-Cycled

Total Volume Erosion Volume Percentage of
Eroded
If No Bars
Volume Not
(in3)
(in3)
Removed

104.82

2002.32

2107.14

4.97

65.94

1676.55

1742.49

3.78
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As mentioned earlier, tests SCMS-2NC8 and SCMS-2NC14 did not develop adequate
erosion zones to produce data on shadowed material. However, some depths of erosion
scattered throughout the erosion cavity were recorded for both samples.

Depths of erosion recorded for sample SCMS-2NC14 included 4

5

6

, 5 ¼, 5 ½, 4 ½, 4 ½,

5, 4 ½, 4 ¾, and 4 ¾ inches. This translated to a final average/effective diameter of about
12 inches. For sample SCMS-2NC8, erosion distances measured within some of the
tube-like cavities included 15 ½, 13, 11 ¾, 13 ¼, 9, and 10 ½ inches due to the jet seizing
during testing. Some erosion distances measured for the general erosion cavity of sample
SCMS-2NC8 were 7, 7, 6, and 6 ½ inches, which translated to a final average diameter
for the general erosion cavity of about 15.5 inches.

To verify compressive strength results, cubes of the material were cut from both samples
SCMS-2NC8 and SCMS-2NC14. Compression testing of the cubes was performed
approximately two weeks after jetting the samples. Table B-4 in Appendix B shows a
summary of the cube strengths for both samples. Compression tests of cubes were
performed to identify if sample SCMS-2NC14 contained a higher compressive strength
compared to sample SCMS-2NC8, which would help to explain the shallower depths of
erosion obtained in test SCMS-2NC14. However, the average compressive strength was
714 psi (standard deviation 26) for sample SCMS-2NC8 cubes versus 597 psi (standard
deviation 71) for sample SCMS-2NC14 cubes. This suggests that greater depths of
erosion should have occurred with sample SCMS-2NC14, which contradicts the results.
Therefore, the shorter erosion depths for test SCMS-2NC14 must be the result of some
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other phenomenon. Some possibilities include malfunction of the water jet or an
increased disturbance of the high-pressure water from the large reinforcing bars.

4.2.4 Discussion of Results

As previously shown in Figure 4.17, for both 6-inch ring samples, erosion depth directly
behind a reinforcing steel bar decreased as the bar diameter increased. However, as
Figure 4.18 illustrated, the standoff distance from the water jet to the apex of the
shadowed zone does not vary appreciably with bar diameter. This indicates that a larger
gap develops behind a reinforcing bar as the bar diameter decreases. However, the
distance from the water jet to where shadowing begins is approximately the same,
regardless of the size of the reinforcement.

This suggests that water jetting around vertical reinforcing bars in weaker anomalous
materials can still be effective, as long as the water jet is located in close proximity
(less than 2.5 inches) to the reinforcing steel. However, as discussed in Chapter 2,
inspection tubes are not positioned this close to vertical reinforcement (per Caltrans
standards). For reinforcing steel bars positioned at greater horizontal distances from the
water jet, shadow effects can be more pronounced, as was observed to a limited extent
during the 2-inch ring sample tests. Shadow effects will likely be even more pronounced
at these greater distances for stronger anomalous materials, though tests in this study
focused only on materials with unconfined compressive strengths around 160 psi. In
addition, at these greater distances, larger shadow volumes will most likely develop
behind larger diameter reinforcing bars.
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4.3 Cylindrical Sample Tests
4.3.1 Observations

Figure 4.20 shows post-test photographs of the SCM cast cylinders, which were tested
during the cylindrical sample tests. Photographs are not included of cylinders that did not
show evidence of erosion during testing, except cylinders positioned at 12 and 15.5
inches and jetted at 10,700 psi. Cylinders not showing evidence of erosion were located
outside of the jet influence for the specified water-jetting pressure. With higher
pressures, the jet influence zone increased, as would be expected.

(a) Front and Side View of Cylinder
Tested 1.5” from Water Jet at 2,700 psi

(b) Front and Side View of Cylinder
Tested 1.5” from Water Jet at 4,100 psi
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Erosion
Zone

(c) Front and Side View of Cylinder
Tested 1.5” from Water Jet at 6,000 psi

(d) Front View of Cylinder Tested
3.75” from Water Jet at 2,700 psi

(e) Front and Side View of Cylinder
Tested 3.75” from Water Jet at 4,100 psi

(f) Front and Side View of Cylinder
Tested 3.75” from Water Jet at 6,000 psi
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(g) Front and Side View of Cylinder
Tested 3.75” from Water Jet at 8,400 psi

Erosion
Zone

(h) Side View of Cylinder Tested
3.75” from Water Jet at 10,200 psi

Erosion
Zone

(i) Front View of Cylinder Tested
5.5” from Water Jet at 6,000 psi

(j) Front and Side View of Cylinder
Tested 5.5” from Water Jet at 8,400 psi
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(k) Front and Side View of Cylinder
Tested 5.5” from Water Jet at 10,700 psi

(l) Front View of Cylinder Tested
7.75” from Water Jet at 8,400 psi

(m) Front and Side View of Cylinder
Tested 7.75” from Water Jet at 10,700 psi

(n) Front View of Cylinder Tested
12.0” from Water Jet at 10,700 psi
(no erosion observed)
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(o) Front View of Cylinder Tested
15.5” from Water Jet at 10,700 psi
(no erosion observed)
Figure 4.20 Post-Test Photographs of Cylinders Cast
with Semi-Cemented Material (SCM)
Figure 4.21 shows post-test photographs of the normal strength concrete cylinders, which
were tested as part of the cylindrical sample tests. Photographs for cylinder standoff
distances and jetting pressures that did not produce erosion are not shown, except for
cylinders positioned at 7.75, 12.0, and 15.5 inches and jetted at 10,900 psi for an
extended two-minute time period. During the first attempt of jetting at 10,900 psi for
two minutes, the jet stuck and quit spinning. This caused a hole in the cylinder
positioned 3.75 inches from the water jet as shown in Figure 4.21(j).
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Erosion
Zone

(a) Cylinder Tested 1.5”
from Water Jet at 2,400 psi

Erosion
Zone

(b) Cylinder Tested 1.5”
from Water Jet at 4,000 psi

Erosion
Zone

(d) Cylinder Tested 1.5”
from Water Jet at 8,200 psi

(c) Cylinder Tested 1.5”
from Water Jet at 6,000 psi

Erosion
Zone

(e) Cylinder Tested 1.5”
(f) Cylinder Tested 1.5”
from Water Jet at 10,700 psi from Water Jet at 10,900 psi
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Erosion
Zone

(g) Cylinder Tested 3.75”
from Water Jet at 6,000 psi

Erosion
Zone

(h) Cylinder Tested 3.75”
from Water Jet at 8,200 psi

(i) Cylinder Tested 3.75”
from Water Jet at 10,700 psi

Erosion
Zone

Hole
from
Stuck
Jet

(j) Cylinder Tested 3.75”
(k) Cylinder Tested 3.75”
from Water Jet at 10,900 psi from Water Jet at 10,900 psi
(Jet Stuck and Did Not Spin)
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(l) Cylinder Tested 5.5”
from Water Jet at 8,200 psi

Erosion
Zone

(m) Cylinder Tested 5.5”
from Water Jet at 10,700 psi

(n) Cylinder Tested 5.5”
(o) Cylinder Tested 7.75”
from Water Jet at 10,900 psi from Water Jet at 10,900 psi
(no erosion observed)

(p) Cylinder Tested 12.0”
from Water Jet at 10,900 psi
(no erosion observed)

(q) Cylinder Tested 15.5”
from Water Jet at 10,900 psi
(no erosion observed)

Figure 4.21 Front View Post-Test Photographs of Cylinders Cast with
Normal Strength Concrete
The photos for both sets of cylinders display top and bottom erosion lines, which are
caused by the angled orientation of the nozzles on the water jet. Recall that the water jet
was fixed in the vertical direction during these tests, which led to the erosion pattern
observed on the cylinders. The vertical distance between the top and bottom erosion
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lines increased for cylinders located at farther distances from the water jet, as would be
expected given the angled orientation of the nozzles.

The erosion lines were wider and deeper for the weaker SCM cylinders, as compared
with the normal strength concrete cylinders. The erosion cavity was more well-defined
and smoother for the SCM cylinders. The larger aggregate within the normal strength
concrete cylinders was exposed and held in place by very little binder material, causing a
much rougher jetted surface.

Some of the SCM cylinders positioned closer to the water jet eroded into pieces or broke
into pieces during removal from the test box due to the level of erosion experienced
during testing. One of these samples is shown in Figure 4.20(g).

4.3.2 Test Results

After testing all of the cylinders, maximum erosion depths were recorded. Table 4.6
summarizes the SCM cylinder erosion depths, and Table 4.7 summarizes the normal
strength concrete erosion depths. Each cylinder was examined carefully and measured in
multiple locations so as to determine the maximum depth of erosion. When a cylinder
broke into two or more pieces, either during testing or during retrieval from the test box,
the maximum erosion depth was estimated after reassembling the cylinder. The SCM
cylinder tested at 3.75 inches from the water jet with a pressure of 10,200 psi, could not
be reassembled with confidence. Therefore, an erosion measurement was not taken.
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A SCM cylinder was not tested at 1.5 inches from the water jet with pressures higher than
6,000 psi because the cylinder would have been completely eroded through.
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Table 4.6 Erosion Depths for the SCM Cylinders
Cylinder
Sector Line
Pointing Water Jet Jetting
Pressure
Time
Toward
(psi)
(minutes)
Water Jet

Erosion Depth by Cylinder Label (inch)
1.5 1.5B 1.5C

4

4B

4C

4D

5.5 5.5B

7

12

15

A

2700

1

2.0

NT

NT

Trace

NT

NT

NT

0

NT

0

0

0

B

4100

1

NT

3.0

NT

1.31

NT

NT

NT

0

NT

0

0

0

C

6000

1

NT

NT

3.25

NT

2.31

NT

NT

0.75

NT

0

0

0

D

8400

1

NT

NT

NT

NT

NT

2.75

NT

1.13

NT

0.28

0

0

E

10200

1

NT

NT

NT

NT

NT

NT

Broken
NMR

NT

3.19

1.31

Trace

0

- NT indicates cylinder not tested at specific pressure
- Trace indicates only slight erosive disturbance on material surface; depth not measurable
- NMR indicates no measurement recorded
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Table 4.7 Erosion Depths for the Normal Strength Concrete Cylinders
Cylinder
Sector Line
Pointing Water Jet Jetting
Pressure
Time
Toward
(psi)
(minutes)
Water Jet

-

Erosion Depth by Cylinder Label (inch)
1.5 1.5B 1.5C

4

4B

5.5

7

12

15

A

2400

1

Trace

NT

NT

0

NT

0

0

0

0

B

4000

1

0.28

NT

NT

0

NT

0

0

0

0

C

6000

1

0.63

NT

NT

0.19

NT

0

0

0

0

D

8200

1

0.91

NT

NT

0.25

NT

0

0

0

0

E

10700

1

NT

1.16

NT

0.44

NT

Trace

0

0

0

F (1st Attempt)

10900

2

NT

JS
0.81

NT

JS
NMR

NT

JS
NMR

0

0

0

F (2nd Attempt)

10900

2

NT

NT

1.31

NT

0.47

0.19

0

0

0

NT indicates cylinder not tested at specific pressure
Trace indicates only slight erosive disturbance on material surface; depth not measurable
NMR indicates no measurement recorded
JS indicates jet stuck and did not rotate
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As mentioned in Chapter 3, cylinders were positioned into the test box at all of the
desired standoff distances from the water jet. The cylinders were then water jetted at
various constant pressures for approximately one minute at each of those pressures as
indicated in Tables 4.6 and 4.7. However, the normal strength concrete cylinders were
also tested for an extended amount of time (approximately two minutes) at the highest
pressure the diesel water pump could generate. The first attempt of this test was
unsuccessful because the jet stuck and ceased rotating during the testing. Following
adjustments to the water jet, the test was run successfully. The results are recorded in
Table 4.7 as the last data row.

As shown in the tables, the cylinder positioned about 15.5 inches from the water jet did
not experience any evidence of erosion for both sample types and all pressure levels. The
normal strength concrete cylinders positioned at standoff distances of about 7.75 and 12
inches also did not show evidence of erosion for all pressure levels. The SCM cylinder
positioned about 12 inches from the water jet only showed a trace amount of erosion at
the highest pressure tested. The normal strength concrete cylinder positioned about
5.5 inches from the water jet only showed 3/16 inch of erosion after jetting for two
minutes at the highest pump pressure. The fact that no erosion (or trace amounts) was
observed on the cylinders positioned at 12 and 15 inches from the water jet provides
confidence that the limit of the jet’s influence has been reached.
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Figures 4.22 and 4.23 show measured erosion depth as a function of standoff distance and
jetting pressure for both material types. Both cylinder types reveal an increased depth of
erosion for an increased jetting pressure at a constant distance from the water jet.

4

Erosion Depth in Cylinder (inches)

Jetting Pressure

2,700 psi
4,100 psi
6,000 psi
8,400 psi
10,200 psi

3

2

1

0
0

4

8

12

16

Standoff Distance (inches)

Figure 4.22 Cylinder Erosion Depth Versus Standoff
Distance for the SCM Cylinders
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2.0

Erosion Depth in Cylinder (inches)

Jetting Pressure

4,000 psi
6,000 psi
8,200 psi
10,700 psi
10,900 psi

1.5

1.0

0.5

0

0

4

8

12

16

Standoff Distance (inches)

Figure 4.23 Cylinder Erosion Depth Versus Standoff Distance
for the Normal Strength Concrete Cylinders
Plotted in Figure 4.24 is the maximum jetting distance as a function of water-jetting
pressure for both cylinder types. Maximum jetting distance is the summation of the
standoff distance of the farthest affected cylinder and its corresponding erosion depth.
The points plotted identify the maximum distance the water jet can effectively erode
material at different jetting pressures. As shown in the figure, the water jet was effective
at removing the SCM cylinder material up to a maximum distance of about 9 inches at a
jetting pressure of 10,200 psi. The water jet effectively removed the normal strength
concrete cylinder material up to about 5.5 inches at a jetting pressure of 10,700 psi.
Because of the wide range in compressive strength of the materials, the results likely
bracket the jetting behavior expected for many anomalous materials.
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Maximum Jetting Distance (inches)

10
SCM Cylinders

8

6

Normal Strength
Concrete Cylinders

4

2

0
0

2000

4000

6000

8000

10000

12000

Water Jetting Pressure (psi)

Figure 4.24 Maximum Jetting Distance Versus Jetting Pressure
for the SCM and Normal Strength Concrete Cylinders
For both cylinder types, effective diameters can be computed with the maximum jetting
distances (9 and 5.5 inches for SCM and normal strength concrete cylinders, respectively)
at pressures above 10,000 psi. These jetting distances translate into effective diameters
of about 20 and 13 inches for the SCM and normal strength concrete, respectively.
Figure 4.25 displays the effective diameters as a function of compressive strength for
these cylinder tests (jetting pressures above 10,000 psi) and the 6- and 12-inch ring
samples from Heavin (2010) and this study. The results from the cylinder tests are
consistent with the ring sample results.
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30.0
Bentonite-Cement Mix
Concrete
Sand-Cement Grout
Semi-Cemented Material
Cylinder Test Results

25.0

Effective Diameter (inches)

12"

20.0
12"

12” Ring
Samples

15.0

10.0
6” Ring
Samples

5.0
Water Jetting Pressure = 10 to 11 ksi

0.0

1

10

100

1000

10000

Unconfined Compressive Strength (psi)

Figure 4.25 Effective Diameter Versus Material Compressive Strength for
6- and 12-Inch Ring Samples and Cylindrical Sample Tests Results

4.3.3 Discussion of Results

The test results show that at a constant distance from the water jet, the depth of erosion
increases as the jet pressure increases. Additionally, for a specific jetting pressure, the
erosion depth decreases as the jetting surface gets farther from the water jet.

As shown in Tables 4.6 and 4.7, trace amounts of erosion were observed at some
distances and pressures for both cylinder types. For the SCM cylinders, trace amounts of
erosion were observed at standoff distances of 3.75 and 12 inches with jetting pressures
of 2,700 and 10,200 psi, respectively. For the normal strength concrete cylinders, trace
amounts of erosion were observed at distances of 1.5 and 5.5 inches with jetting pressures
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of 2,400 and 10,700 psi, respectively. Therefore, at these distances and pressures, the
approximate maximum zone of influence for the water jet was observed.

As shown in Figure 4.25, the effective diameter and corresponding compressive strength
for the cylinder test results (pressures above 10,000 psi) plot along the upper range of
erosion obtained for the ring sample tests from Heavin (2010) and this study. It is
reasonable to expect greater depths of erosion for the cylindrical sample tests due to the
more openly spaced cylinders in the testing setup. For the ring samples, water jetting is
enclosed within a small erosion cavity filled with material cuttings and highly turbulent
water. The material cuttings and increased turbulence in the ring samples can be
expected to reduce water-jetting effectiveness to a greater extent than with the more
openly spaced cylindrical sample tests. However, the results from both experiments are
comparable.
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4.4 Water Jetting of PVC Tubes

Figure 4.26 shows post-test photographs of the PVC tubes positioned at standoff
distances of approximately 0.20 and 0.44 inches from the water jet.

(a) 4,200 psi at 0.20 inches

(b) 4,200 psi at 0.44 inches

(c) 6,000 psi at 0.20 inches

(d) 6,000 psi at 0.44 inches

(e) 8,000 psi at 0.20 inches

(f) 8,000 psi at 0.44 inches

- Photographs are not shown for 2,400 psi because the jet was not able to produce
noticeable cutting on the PVC tubing

Figure 4.26 Front View Post-Test Photographs of PVC Tubing
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At each distance from the water jet, PVC tubing was tested for one minute at pressures of
2,400, 4,200, 6,000, and 8,000 psi. The photographs illustrate the two lines of erosion
due to the angled orientation of the nozzles on the water jet. The water jet was held
stationary in the vertical direction during testing. The jet nozzles cut narrow slits in the
tubing, as shown in the figure. The tubing positioned about 0.20 inches from the water
jet showed slightly more erosion at each jetting pressure than the tubing positioned
0.44 inches from the water jet.

Higher jetting pressures cut deeper into the PVC tubing. The jet slightly disturbed the
tubing surface at 2,400 psi, but cut partially through the tubing at 4,200 psi. The jet cut
completely through the tubing at 6,000 and 8,000 psi.
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CHAPTER 5: SUMMARY, CONCLUSIONS, AND RECOMMENDATIONS

5.1 Summary

The primary objective of this research was to increase knowledge regarding the
effectiveness of water jetting as a means for removing anomalous materials from drilled
shafts. Based on current water-jetting practice and previous experimental findings, two
primary experiments were developed for this study.

The first experiment tested the effectiveness of water jetting when reinforcing steel is
located within the zone of anomalous material. The experiment consisted of four ringshaped samples. Two samples were constructed with 6-inch inner diameter rings and
reinforcing steel layouts comprised of four vertical reinforcing bars of different sizes.
The other samples were constructed with 2-inch inner diameter rings and reinforcing steel
layouts consistent with a typical CIDH pile reinforcing steel cage. A cyclic-testing
procedure established by Heavin (2010) and a testing procedure mimicking a typical
procedure utilized in practice were used. The design of the 6-inch inner diameter ring
samples facilitated erosion depth comparisons with Heavin (2010).

The second experiment tested the effectiveness of water jetting at varying jetting
pressures and standoff distances. Solid concrete material cylinders and PVC inspection
access tubing samples were tested in this experiment. The results complement initial
research completed by Heavin (2010).
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The test results confirm that reinforcing steel does inhibit the effectiveness of eroding
anomalous material behind steel bars. Increasing jetting pressure increases erosion depth,
and increasing standoff distance decreases erosion depth. The cyclic-testing procedure
established by Heavin (2010) produces similar erosion results to a typical jetting
procedure used in practice, validating his results. While utilizing jetting pressures
between 10,000 and 11,000 psi, water jetting is not capable of removing material up to
half the maximum design spacing of CIDH pile inspection access tubes per Caltrans
specifications.

5.2 Conclusions

The following conclusions pertain to the experimental tests performed in this research
and serve as a foundation for further experimentation.

Both 6-inch ring samples produced final average erosion diameters similar to those
observed by Heavin (2010). The cyclically tested sample exhibited a high initial erosion
rate that decreased with time similar to Heavin. Furthermore, the cyclic-testing
procedure produced erosion results similar to a typical jetting procedure used in practice.
These findings help to validate the results produced by Heavin (2010).

PVC inspection access tubing has a maximum spacing requirement of 33 inches
(Caltrans, 2008a). This requires a water jet to be able to erode anomalous material up to
approximately 16 inches, assuming only the access tubes are used for water jetting. With
typical water-jetting equipment and a jetting pressure between 10,000 and 11,000 psi,
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only trace amounts of erosion at a radial distance of 12 inches from the water jet were
produced. This is less than half the maximum design spacing, suggesting that it may be
difficult (and potentially impossible) to overlap jetting influence zones between access
tubes while using typical jetting equipment, pressures, and practices. If jetting influence
zones cannot overlap, cored access holes between PVC access tubes may be required in
some situations.

Vertical reinforcing steel bars cause zones of shadowed material to develop on the far
side of the reinforcement from the water jet. In these shadow zones, binder materials are
less easily removed, reducing the effectiveness of water jetting. Shadowing is most
prominent behind larger diameter vertical bars. Shadow zones were not observed behind
horizontal reinforcing steel bars. The angled orientation of the jet nozzles enabled jetting
effectiveness to remain constant behind horizontal reinforcement throughout the erosion
zone. Anomalous materials located in the cover portion of a CIDH pile directly adjacent
to the access hole should be effectively removed during a typical water-jetting operation.
However, with a limited number of access tubes required for CIDH piles, certain design
configurations may prevent water jetting from adequately removing anomalous materials
from behind the vertical reinforcing steel bars without providing additionally cored
access holes.

Water jetting of weaker materials with compressive strengths less than about 1,000 psi
can potentially generate significant cuttings quickly, especially during the initial stages of
testing. This eroded material can clog the confined space of a PVC inspection access
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tube, causing a rotating water jet to seize. Heavy amounts of eroded material and a
seized water jet can greatly reduce efficiency and effectiveness. This phenomenon was
observed during testing. To reduce the potential of clogging the water jet, it may be
advisable to utilize lower jetting pressures (4000 to 6000 psi) when initially removing the
anomalous material (first one to two minutes of jetting). The water jet could be equipped
with larger diameter nozzles for this process, which would reduce the jetting pressure but
not reduce the volume of water flushing the cuttings from the erosion cavity. This
procedure will erode material at a slower rate, reducing the potential for clogging. Once
a larger cavity has been created from jetting with a lower pressure for one to two minutes,
then higher pressures can be used to more effectively erode anomalous material at greater
depths from the water jet. This kind of jetting process should be further investigated.

Heavin (2010) found PVC inspection access tubing removal to be difficult. Removal of
the access tubing can particularly be difficult when surrounded by relatively weak
anomalous material. In these cases, the access tube can clog and restrict water jet
rotation when cuttings enter the tube through incised sections of the PVC. This can cause
delay in the complete removal of the PVC tube within the anomalous material zone. As
previously mentioned for the initial stages of jetting weaker anomalous materials, it may
be advisable to water jet at lower pressures for PVC removal. The water jet utilized in
this research was able to cut through PVC tubing in approximately one minute with a
pressure of approximately 6,000 psi. Therefore, jetting the PVC at 6,000 psi pressure
may be adequate for removal.

127

5.3 Recommendations for Future Testing

The cylindrical sample tests were conducted with only a low and high compressive
strength material. Cylinders composed of additional material types, compressive
strengths, and a typical CIDH pile concrete mix should be tested to confirm past results
and verify trends in the data.

Jet testing performed in this study and by Heavin (2010) was able to erode material up to
a radial distance of 12 inches. This is not an adequate erosion depth to overlap jetting
influence areas with maximum design spacing of access tubing. Higher pressures should
be used to see if greater jetting distances could be achieved.

The author and Heavin (2010) utilized the same water-jetting equipment. Water jetting is
performed by other contractors who use different types of water jets and equipment.
Testing needs to be conducted with these additional water jets and equipment to provide
comparisons with current findings.

Rapid removal of weaker anomalous material caused clogging of the rotating water jet in
confined spaces. Testing with a modified jetting procedure (where lower pressures are
initially used until a larger erosion cavity is produced) should be performed.

Reinforcing steel samples were only conducted with a relatively weak material.
Additional samples with varying material types and compressive strengths should be
tested to help further understand shadow effects. Samples composed of a typical
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reinforcing cage configuration should be retested with a more effective, modified jetting
procedure.

Heavin (2010) experienced difficulties in removing PVC tubing prior to water jetting.
This study evaluated the cutting of PVC tubing at different jetting pressures. However,
further experiments could be conducted to develop a sound procedure for removing the
PVC tubing prior to water jetting.
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APPENDIX A

A
Reinforcing Steel Samples’ Nomenclature

C – Cycled
NC – Non-cycled

Steel

SCMS-d t m r
8 or 14
Semi-Cemented
Material

2 – Two inch
6 – Six inch

SCM – Sample material type
S – Signifies sample contained steel reinforcement
d – Inspection hole diameter
tm – Testing method
r – Vertical reinforcement size for two inch inspection hole samples

A-1

APPENDIX B

B
Concrete Material Compression Data Results
APPENDIX B

Table B-1 Compression Data for the Ring Samples
Cast with Reinforcing Steel
SPECIMEN

1

2

3

Date Tested
Time Tested
Age (days)
Weight in Air (g.)
Weight Underwater (g.)
Density (lbs/ft3)
Length Pre Capping (in.)
Length Post Capping (in.)
Ave. Cap Thickness (in.)
Diameter 1 (in.)
Diameter 2 (in.)
Ave. Diameter (in.)
Area (in2)
Max. Load (lbs)
Compressive Strength (psi)

2/11/10
9:18 PM
3.42

2/11/10
9:22 PM
3.42

2/11/10
9:25 PM
3.42

3610

3602

3623

1952

1945

1965

135.86

135.65

136.35

8.014

8.006

8.029

8.178

8.178

8.192

0.082

0.086

0.082

4.01

4.02

4.016

4.00

4.01

4.012

4.01

4.01

4.014

12.61

12.63

12.65

1898

2028

2055

151

161

162

B-1

Table B-2 Compression Data of the Cylindrical Sample
Tests’ SCM Material Cylinders
SPECIMEN
Date Tested
Time Tested
Age (days)
Weight in Air (g.)
Weight Underwater (g.)
Density (lbs/ft3)
Length Pre Capping (in.)
Length Post Capping (in.)
Ave. Cap Thickness (in.)
Diameter 1 (in.)
Diameter 2 (in.)
Ave. Diameter (in.)
Area (in2)
Max. Load (lbs)
Compressive Strength (psi)

1

2

3

4

2/12/10

2/12/10

2/12/10

2/12/10

6:19 PM

6:22 PM

6:27 PM

6:30 PM

4.29

4.29

4.30

4.30

3619

3643

11755

11675

1963

1973

6478

6375

136.37

136.12

139.0

137.5

8.042

8.054

12.022

11.978

8.202

8.238

NMR

NMR

0.08

0.09

-

-

4.01

4.01

6.01

6.10

4.03

4.01

6.01

5.98

4.02

4.01

6.01

6.04

12.69

12.64

28.34

28.64

2214

2202

4772

4622

175

174

168

161

- NMR indicates no measurement recorded because exceeded measuring device capability

B-2

Table B-3 Compression Data of the Cylindrical Sample
Tests’ 3,500 psi Concrete Material Cylinders
SPECIMEN
Date Tested
Time Tested
Age (days)
Weight in Air (g.)
Weight Underwater (g.)
Density (lbs/ft3)
Length Pre Capping (in.)
Length Post Capping (in.)
Ave. Cap Thickness (in.)
Diameter 1 (in.)
Diameter 2 (in.)
Ave. Diameter (in.)
Area (in2)
Max. Load (lbs)
Compressive Strength (psi)

B1-1

B1-2

B2-1

B2-2

2/12/10

2/12/10

2/12/10

2/12/10

6:33 PM

6:39 PM

6:45 PM

6:51 PM

35.23

35.24

35.21

35.21

12415

12400

12340

12395

7035

7019

6941

7002

144.0

143.8

142.6

143.4

12.086

12.077

12.084

NMR

NMR

NMR

NMR

NMR

-

-

-

-

5.97

6.01

6.00

6.02

6.12

6.08

6.08

6.06

6.04

6.04

6.04

6.04

28.68

28.70

28.65

28.63

105000

107000

105000

98747

3662

3729

3665

3449

- B1, B2 indicates batch 1 and 2 respectively
- NMR indicates no measurement recorded because exceeded measuring device capability

B-3

Table B-4 Cube Compressive Strength Summary for 2-Inch Ring
Samples SCMS-2NC8 and SCMS-2NC14
SPECIMEN
Date Tested
Time Tested
Age (days)
Height Pre Capping (in.)
Height Post Capping (in.)
Ave. Cap Thickness (in.)
Width 1 (in.)
Width 2 (in.)
Area (in2)
Max. Load (lbs)
Compressive Strength (psi)

B14-1 B14-2 B14-3 B8-1

B8-2

B8-3

3/12/10

3/12/10

3/12/10

3/12/10

3/12/10

3/12/10

5:30 PM

5:36 PM

5:47 PM

5:37 PM

5:41 PM

5:45 PM

32.26

32.26

32.27

32.26

32.26

32.27

3.048

3.025

2.049

3.097

3.122

2.056

3.207

3.172

2.202

3.312

3.285

2.202

0.08

0.07

0.08

0.11

0.08

0.07

2.99

2.74

2.05

3.04

2.97

2.03

3.04

2.93

1.95

3.02

3.12

2.06

9.08

8.03

4.00

9.18

9.27

4.17

5267

5416

2145

6285

6794

3027

580

675

536

685

733

725

- B14 and B8 indicate sample with # 14 and # 8 vertical reinforcement respectively

B-4

